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ABSTRACT 
The electric power system delivery has often been cited as the greatest and most complex 
machine ever built. The original design of the power delivery system is particularly 
vulnerable.  
Power plants were located so as to serve the utility’s local residential, commercial and 
industrial consumers. Under deregulation of wholesale power transactions, electricity 
generators, both traditional utilities and independent power producers, were 
encouraged to transfer electricity outside of the original service areas to respond to 
markets needs and opportunities. This can stress the transmission system far beyond 
the limits for which it was designed and built. These constraints can be resolved but they 
require investment and innovation in the use of power delivery technologies. The 
majority of delivery systems in different countries (transmission & distribution) is 
largely based upon technology developed years ago. In the meanwhile, electricity 
demand grows all the time. 
The total dependence of our society on electricity is obvious and the role of electricity is 
so inherent, that we do not even think about it. However, electricity has to be produced, 
and for the most part it has to be produced now, right at this moment. [26] 
Surely, electricity can be stored, for example in the use of hydro power, when large 
reservoirs of water contain “electricity” available for future use. Generally, storing 
electricity is possible, but not very efficient, nor for very long periods of time, nor in 
large amounts. 
The reserves for the fossil fuels are limited. At the current rate they will not be 
exhausted for a few decades, but they will become a more and more marginal source of 
energy. Even prior to that, the price of using the fossil fuels will substantially increase 
because of the higher costs for acquiring them and the carbon taxes levied on burning of 
them. There is a limit for the available amount of many non- combustion and renewable 
energy sources. For example, the rivers suitable for hydropower plants are in many 
countries already harnessed for energy production. Wind and sunlight are practical only 
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in areas having strong winds and a lot of sunshine. Nuclear fission power contains 
potential risks, in the long run because of the radioactive waste and, more immently, 
because of accidents. 
All these potential and real problems mean that a sustainable solution for the problem of 
meeting the increasing need for energy, and especially electricity is imperative. It is 
impossible for the solution to be just increasing the production of electricity with 
potential increase in the severity of the problems [7]. So, the challenge is as follows: for 
he needs of a dramatically growing world population with the simultaneous reduction in 
fossil power sources, a proper way must be found to provide reliable and clean power. 
This must be done in the most economical way. [32] 
Consequently, we have to deal with an area of conflicts between reliability of supply, 
environmental sustainability as well as economic efficiency. The combination of these 
three tasks can be solved with the help of ideas, intelligent solutions as well as 
innovative technologies, which is the today’s and tomorrow’s challenge.     
         Topaltziki Vasileia 
                   15 January 2013 
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1.1 Electric Power Transmission 
Electric-power transmission is the bulk transfer of electrical energy, from generating 
power plants to electrical substations located near demand centers. This is distinct from 
the local wiring between high-voltage substations and customers, which is typically 
referred to as electric power distribution [9]. Transmission lines, when interconnected 
with each other, become transmission networks. Historically, transmission and 
distribution lines were owned by the same company, but starting in the 1990s, many 
countries have liberalized the regulation of the electricity market in ways that have led 
to the separation of the electricity transmission business from the distribution business.  
Most transmission lines use high-voltage three-phase alternating current (AC). High-
voltage direct-current (HVDC) technology is used for greater efficiency in very long 
distances (typically hundreds of miles (kilometres), or in submarine power cables 
(typically longer than 30 miles (50 km). HVDC links are also used to stabilize against 
control problems in large power distribution networks where sudden new loads or 
blackouts in one part of a network can otherwise result in synchronization problems 
and cascading failures.  
 
Figure1.1: Diagram of an electric power system; transmission system is in blue 
 
Electricity is transmitted at high voltages (110 kV or above) to reduce the energy lost in 
long-distance transmission [20]. Power is usually transmitted through overhead power 
lines. Underground power transmission has a significantly higher cost and greater 
operational limitations but is sometimes used in urban areas or sensitive locations. 
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A key limitation in the distribution of electric power is 
that, with minor exceptions, electrical energy cannot be 
stored, and therefore must be generated as needed. A 
sophisticated control system is required to ensure 
electric generation very closely matches the demand. If 
the demand for power exceeds the supply, generation 
plants and transmission equipment can shut down 
which, in the worst cases, can lead to a major regional 
blackout.  
 
To reduce the risk of such failures, electric transmission networks are interconnected 
into regional, national or continental wide networks thereby providing multiple 
redundant alternative routes for power to flow should (weather or equipment) failures 
occur. Much analysis is done by transmission companies to determine the maximum 
reliable capacity of each line (ordinarily less than its physical or thermal limit) to ensure 
spare capacity is available should there be any such failure in another part of the 
network. 
 
1.2 Distribution System Losses 
Transmitting electricity at high voltage reduces the fraction of energy lost to resistance, 
which averages around 7%. For a given amount of power, a higher voltage reduces the 
current and thus the resistive losses in the conductor. For example, raising the voltage 
by a factor of 10 reduces the current by a corresponding factor of 10 and therefore the 
I2R losses by a factor of 100, provided the same sized conductors are used in both cases. 
Even if the conductor size (cross-sectional area) is reduced 10-fold to match the lower 
current the I2R losses are still reduced 10-fold. Long distance transmission is typically 
done with overhead lines at voltages of 115 to 1,200 kV. At extremely high voltages, 
more than 2,000 kV between conductor and ground, corona discharge losses are so large 
that they can offset the lower resistive losses in the line conductors. Measures to reduce 
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corona losses include conductors having large diameter; often hollow to save weight, or 
bundles of two or more conductors. 
Transmission and distribution losses in the USA were estimated at 6.6% in 1997 and 
6.5% in 2007. In general, losses are estimated from the discrepancy between energy 
produced (as reported by power plants) and energy sold to end customers; the 
difference between what is produced and what is consumed constitute transmission and 
distribution losses, assuming no theft of utility occurs [20]. 
As of 1980, the longest cost-effective distance for DC electricity was determined to be 
7,000 km. For AC it was 4,000 km, though all transmission lines in use today are 
substantially shorter.  
In an alternating current circuit, the inductance and capacitance of the phase conductors 
can be significant. The currents that flow in these components of the circuit impedance 
constitute reactive power, which transmits no energy to the load. Reactive current 
causes extra losses in the transmission circuit. The ratio of real power (transmitted to 
the load) to apparent power is the power factor. As reactive current increases, the 
reactive power increases and the power factor decreases. For systems with low power 
factors, losses are higher than for systems with high power factors. Utilities add 
capacitor banks and other components (such as phase-shifting transformers; static VAR 
compensators; physical transposition of the phase conductors; and flexible AC 
transmission systems, FACTS) throughout the system to control reactive power flow for 
reduction of losses and stabilization of system voltage. 
 
1.3 Overview of Chapters 
This study is seperated in the following chapters: 
1. CHAPTER 1 – INTRODUCTION 
Here, we are introduced to the basic scope of an electric power transmission 
system. Distribution losses are also analysed. 
2. CHAPTER 2 – DISTRIBUTED GENERATION 
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DG meaning is defined and the basic DG technologies are presented. Finally, we 
mention the advantages & disadvantages of DG implementation in networks. 
3. CHAPTER 3 – LITERATURE REVIEW 
The basic methods for the reconfiguration of DG units for loss reduction are 
presented with their pros & cons. 
4. CHAPTER 4 – ANALYTICAL METHOD 
Analytical method is presented in a radial feeder. The procedure of the optimal 
location of DG is explained with different loads. 
5. CHAPTER 5 – LOAD FLOW ANALYSIS 
Load flow problem is being solved through Netwon – Raphson method and the 
way for calculating power flows and losses is explained. 
6. CHAPTER 6 – IA METHOD FOR MULTIPLE DG PLACEMENT 
The methodology of IA technique is explained as well as the algorithm that solves 
the problem. Finally, 3 examples with their results are presented. 
7. CHAPTER 7 – CONCLUSIONS 
The basic conclusions are presented.
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2 Distributed Generation
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2.1 Distributed Generation Definition 
As we mentioned in the previous chapter, the objective of power system operation is to 
meet the demand at all the locations within power network as economically and reliably 
as possible.   
 
Nowadays, the justification for the large central-station plants is weakening due to 
depleting conventional resources, increased transmission and distribution costs, 
deregulation trends, heightened environmental concerns and technological 
advancements. 
 
Distributed Generations (DG) offer solution to many of these challenges. DG, for the 
moment loosely defined as small-scale electricity generation, is a fairly new concept in 
the economics literature about electricity markets, but the idea behind is not new at all. 
DG used to be the rule and not the exception in the early days of electricity generation. 
The first plants supplied electricity only to the customers located near to the generation 
plant. Therefore, the distance between generator and consumer was limited, as well as 
the supply voltage, especially if we consider that the first grids were DC based. In order 
to balance supply and demand, local storage was used, such as batteries able to be 
directly coupled to the DC grid. Local storage now returns to the scene with distributed 
generation power units. 
 
According to the European Renewable Energy Study, commissioned by the European 
Union (EU) to examine the feasibility of EU CO2 reduction goals and renewable energy 
targets, around 60% of the renewable energy potential can be characterized as 
decentralized power sources. The definitions for DG used in literature, however are not 
consistent and there is no generally accepted definition yet. 
 
A large number of terms and definitions is used in relation to DG, for example we often 
meet the term “embedded generation”, “dispersed generation” or “decentralized 
generation” [12]. In regards to the rating of DG power units, a variety of definitions is 
used as “a few kW to 50 MW”, “between 25kW and 25 MW”, “a few kilowatts to over 
100MW”, “between 500kW and 10MW”, “smaller than 50-100MW”, etc.  
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CIGRE define DG as the generation which has the characteristics (CIGRE, 1999): it is not 
centrally planned; it is not centrally dispatched at the moment; it is usually connected to 
the distribution networks; it is smaller than 50-100 MW. Other organization like, 
Electric Power Research Institute define distributed generation as “generation from few 
kilowatts up to 50 MW”. Ackermann et al. [10] have given the most recent definition of 
DG as: DG is an electric power generation source connected directly to the distribution 
network or on the customer side of the meter”. Using DG can enhance the performance 
of a power system in many aspects. 
 
To define DG precisely, we have to know the following main issues: the purpose, the 
location, the rating, the technology, the environmental impact and the voltage level at 
grid connection: 
1. The generally accepted purpose of DG is to provide at least a source of active 
electric power. The supply of reactive power is possible and may represent an 
added value, but is not necessary. 
2. The location of DG, as we already mentioned, is usually defined as the installation 
and operation of electric power generation units connected directly to the 
distribution network or connected to the network on the customer side of the 
meter. 
3. For the rating of DG, T. Ackermann et al. introduces the following categories: 
Micro DG: ~1W – 5kW 
Small DG: 5kW - 5MW 
Medium DG: 5MW - 50MW 
Large DG: 50MW – 300MW 
4. There is a variety of technologies for DG, that are going to be mentioned in detail 
later. 
5. Often, DG technologies are described as more environmentally friendly than 
centralized generation. The environmental impact refers to direct or idirect 
emissions. Additional environmental benefits, as the reduction of transmission 
line losses, achieved by proper sitting in terms of location and unit size, could 
further improve the environmental balance of DG. 
6. The main idea is that the DG should be located near to the load. The problem is 
that, the “legal” voltage level that distinguishes distribution from transmission 
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network can be different from region to region. So, the voltage level as an issue of 
the definition of DG should be avoided. It would be more correct to use the terms 
“distribution network” (usually radial) and “transmission network” (usually 
mashed) and to refer to the legal definition of these networks as they are used in 
the country under consideration. 
 
  
2.2 Distributed Generation Technologies 
There are different technologies [11] that can be used for small-scale electricity 
generation. These are: 
- Reciprocating engines 
- Gas turbines 
- Micro turbines 
- Fuel cells 
- Photovoltaic 
- Wind 
- Other renewables 
 
1. Reciprocating Engines are small generators burning diesel, biogas or natural gas 
and turbines with mass. Diesel engines are often used for back up generation, 
usually at low voltages. However most large power grids also use diesel 
generators, originally provided as emergency back up for a specific facility. 
Biogas is often combusted where it is produced, such as a landfill or wastewater 
treatment plant with a reciprocating engine or a microturbine. 
 
2. Gas Turbine: Natural gas is mixed with air and burned. This generates a high-
speed gas flow that drives the turbine, which turns the generator [32]. 
 
 
3. Microturbines are typically defined as systems with an output power rating 
between 10kW up to a few hundred kilowatts. These systems are usually a single-
shaft design with compressor, turbine and generator all on the common shaft. 
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Microturbines are Bryton cycle systems and usually have a recuperator in the 
system. 
Although things are in the early stages of commercialization of the microturbine 
products, there are cost targets that have been announced from all of the major 
manufacturers of these products. The early market entry price of these systems is 
in excess of $600 per kW, more than comparably sized units of alternative 
generation technologies. The microturbine family has a very good environmental 
rating, due to natural gas being a primary choice for fuel and the inherent 
operating characteristics, which puts these units at an advantage over diesel 
generation systems. 
 
4. Fuel cells works by processing a hydrogen - rich fuel, usually natural gas or 
methanol, into hydrogen, which when combined with oxygen, produces 
electricity and water. This is the reverse electrolysis process. Rather than burning 
the fuel, however, the fuel cell converts the fuel to electricity using a highly 
efficient electrochemical process. A fuel cell has few moving parts and produces 
very little waste heat or gas. 
A fuel cell power plant is basically made up of three subsystems or sections. In 
the fuel-processing section, the natural gas or other hydrocarbon fuel is 
converted to a hydrogen-rich fuel. This is normally accomplished through what is 
called a steam catalytic reforming process. The fuel is then fed to the power 
section, where it reacts with oxygen from the air in a large number of individual 
fuel cells to produce direct current (DC) electricity, and by-product heat in the 
form of usable steam or hot water. For a power plant, the number of fuel cells can 
vary from several hundred (for a 40-kW plant) to several thousand (for a multi-
megawatt plant). In the ﬁnal, or third stage, the DC electricity is converted in the 
power conditioning subsystem to electric utility-grade alternating current (AC). 
Types of Fuel Cells: 
The electrolyte deﬁnes the key proper ties, particularly the operating 
temperature, of the fuel cell. Consequently, fuel cells are classiﬁed based on the 
types of electrolyte used as described below. 
1. Polymer Electrolyte Membrane (PEM) 
2. Alkaline Fuel Cell (AFC) 
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3. Phosphoric Acid Fuel Cell (PAFC) 
4. Molten Carbonate Fuel Cell (MCFC) 
5. Solid Oxide Fuel Cell (SOFC) 
These fuel cells operate at different temperatures and each is best suited to 
particular applications. 
To summarize, fuel cells can convert a remarkably high proportion of the 
chemical energy in a fuel to electricity. With the efficiencies approaching 60%, 
even without co-generation, fuel cell power plants are nearly twice as efficient as 
conventional power plants. Unlike large steam plants, the efficiency is not a 
function of the plant size for fuel cell power plants. Small-scale fuel cell plants are 
just as efficient as the large ones, whether they operate at full load or not. Fuel 
cells contribute signiﬁcantly to the cleaner environment; they produce 
dramatically fewer emissions, and their by-products are primarily hot water and 
carbon dioxide in small amounts. Because of their modular nature, fuel cells can 
be placed at or near load centers, resulting in savings of transmission network 
expansion. 
 
5. Photovoltaics The PV ﬁeld is moving so quickly that by the time information 
appears in print, it is generally outdated. Reliability of cells, modules, and system 
components continues to improve [21]. Efficiencies of cells and modules continue 
to increase, and new materials and cell fabrication techniques continue to evolve. 
Research continues on ribbon growth in an effort to eliminate wafering, and 
combining crystalline and amorphous Si in a tandem cell to take advantage of the 
two different bandgaps for increasing photon collection efﬁciency has been 
investigated. 
The PV market seems to have taken a strong foothold, with the likelihood that 
annual PV module shipments will exceed 200 MW before the end of the century 
and continue to increase by approximately 15% annually as new markets open as 
cost continues to decline and reliability continues to improve. 
Utility - interactive PV systems are classiﬁed by IEEE Standard 929 as small, 
medium, or large (ANSI=IEEE, 1999). Small systems are less than 10 kW, medium 
systems range from 10 to 500 kW and large systems are larger than 500 kW. 
Each size range requires different consideration for the utility interconnect. In 
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addition to being able to offset utility peak power, the distributed nature of PV 
systems also results in the reduction of load on transmission and distribution 
lines. Normally, utility – interactive systems do not incorporate any form of 
energy storage—they simply supply power to the grid when they are operating . 
In some instances, however, where grid power may not be as reliable as the user 
may desire, battery back-up is incorporated to ensure uninterrupted power. 
Since the output of PV modules is DC, it is necessary to convert the module output 
to AC before connecting it to the grid. This is done with an inverter, also known as 
a power conditioning unit (PCU). Medium and large-scale utility - interactive 
systems differ from small-scale systems only in the possibility that the utility may 
require different interfacing conditions relating to power quality and/or 
conditions for disconnect. Since medium and large-scale systems require more 
area than is typically available on the rooftop of a residential occupancy, they are 
more typically found either on commercial industrial rooftops or, in the case of 
large systems, are typically ground-mounted. 
 
6. Wind is a free, clean, and inexhaustible energy source. It has served humankind 
well for many centuries by propelling ships and driving wind turbines to grind 
grain and pump water. Denmark was the ﬁrst country to use wind for generation 
of electricity. There are perhaps four distinct categories of wind power which 
should be discussed. These are: 
- small, non-grid connected 
- small, grid connected 
- large, non-grid connected 
- large, grid connected 
By small, we mean a size appropriate for an individual to own, up to a few tens of 
kilowatts. Large refers to utility scale [21]. 
One of the most critical features of wind generation is the variability of wind. 
Wind speeds vary with time of day, time of year, height above ground, and 
location on the earth’s surface. This makes wind generators into what might be 
called energy producers rather than power producers. That means that it is 
easier to estimate the energy production for the next month or year than it is to 
estimate the power that will be produced at 4:00 PM next Tuesday. Wind power 
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is not dispatchable in the same manner as a gas turbine. A gas turbine can be 
scheduled to come on at a given time and to be turned off at a later time, with full 
power production in between. A wind turbine produces only when the wind is 
available. At a good site, the power output will be zero (or very small) for 
perhaps 10% of the time, rated for perhaps another 10% of the time, and at some 
intermediate value the remaining 80% of the time. This variability means that 
some sort of storage is necessary for a utility to meet the demands of its 
customers, when wind turbines are supplying part of the energy. This is not a 
problem for penetrations of wind turbines less than a few percent of the utility 
peak demand. In small concentrations, wind turbines act like negative load. That 
is, an increase in wind speed is no different in its effect than a customer turning 
off load. The control systems on the other utility generation sense that generation 
is greater than load, and decrease the fuel supply to bring generation into 
equilibrium with load. In this case, storage is in the form of coal in the pile or 
natural gas in the well. 
An excellent form of storage is water in a hydroelectric lake. Most hydroelectric 
plants are sized large enough to not be able to operate full-time at peak power. 
They therefore must cut back part of the time because of the lack of water. A 
combination hydro and wind plant can conserve water when the wind is blowing, 
and use the water later, when the wind is not blowing. 
When high-temperature superconductors become a little less expensive, energy 
storage in a magnetic ﬁeld will be an exciting possibility. Each wind turbine can 
have its own superconducting coil storage unit. This immediately converts the 
wind generator from an energy producer to a peak power producer, fully 
dispatchable. Dispatchable peak power is always worth more than the fuel cost 
savings of an energy producer. Utilities with adequate base load generation (at 
low fuel costs) would become more interested in wind power if it were a 
dispatchable peak power generator. 
The variation of wind speed with time of day is called the diurnal cycle [33]. Near 
the earth’s surface, winds are usually greater during the middle of the day and 
decrease at night. This is due to solar heating , which causes ‘‘bubbles’’ of warm 
air to rise. The rising air is replaced by cooler air from above. This thermal mixing 
causes wind speeds to have only a slight increase with height for the ﬁrst 
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hundred meters or so above the earth. At night, however, the mixing stops, the air 
near the earth slows to a stop, and the winds above some height (usually 30 to 
100 m) actually increase over the daytime value. A turbine on a short tower will 
produce a greater proportion of its energy during daylight hours, while a turbine 
on a very tall tower will produce a greater proportion at night. As tower height is 
increased, a given generator will produce substantially more energy. However, 
most of the extra energy will be produced at night, when it is not worth very 
much. Standard heights have been increasing in recent years, from 50 to 65 m or 
even more. A taller tower gets the blades into less turbulent air, a deﬁnite 
advantage. The disadvantages are extra cost and more danger from over turning 
in high winds. A very careful look should be given the economics before buying a 
tower that is signiﬁcantly taller than whatever is sold as a standard height for a 
given turbine.  
There is also concern about long-term variation in wind speeds. There appears to 
be an increase in global temperatures over the past decade or so, which would 
probably have an impact on wind speeds.  
 
7. Hydroelectric Power Generation involves the storage of a hydraulic ﬂuid, water, 
conversion of the hydraulic (potential) energy of the ﬂuid into mechanical 
(kinetic) energy in a hydraulic turbine, and conversion of the mechanical energy 
to electrical energy in an electric generator. Hydroelectric units have been 
installed in capacities ranging from a few kilowatts to nearly 1 GW. Multi-unit 
plant sizes range from a few kilowatts to a maximum of 18 GW. 
Hydroelectric plants are located in geographic areas where they will make 
economic use of hydraulic energy sources. Hydraulic energy is available 
wherever there is a ﬂow of liquid and accumulated head. Head represents 
potential energy and is the vertical distance through which the ﬂuid falls in the 
energy conversion process. The majority of sites utilize the head developed by 
freshwater; however, other liquids such as saltwater and treated sewage have 
been utilized. The siting of a prospective hydroelectric plant requires careful 
evaluation of technical, economic, environmental, and social factors. A signiﬁcant 
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portion of the project cost may be required for mitigation of environmental 
effects on ﬁsh and wildlife and relocation of infrastructure and population from 
ﬂooded areas. 
There are three main types of hydroelectric plant arrangements, classiﬁed 
according to the method of controlling the hydraulic ﬂow at the site: 
-    Run-of-the-river plants, having small amounts of water storage and thus little   
control of the ﬂow through the plant. 
-   Storage plants, having the ability to store water and thus control the ﬂow 
through the plant on a daily or seasonal basis. 
-   Pumped storage plants, in which the direction of rotation of the turbines is 
reversed during off-peak hours, pumping water from a lower reservoir to an 
upper reservoir, thus ‘‘storing energy’’ for later production of electricity during 
peak hours. 
 
  
2.3 Advantages & Disadvantages 
There are three major driving forces that contribute to the renewed interest in 
distributed generation: 
1. Electricity market liberalisation 
2. Environmental concerns 
3. Reliability 
2.3.1 Electricity market liberalisation 
The developments in distribution technologies have been around for a long time, but 
were as such not capable of pushing the “economy as scale” out of the system[34]. 
Undoubtedly, distributed generation is not capable of postponing, and certainly not of 
avoiding, the development of new transmission lines: at the minimum the grid has to be 
available as backup supply. 
 
There is the increased interest by electricity suppliers in distributed generation because 
they see it as a tool that can help them to fill in niches in a liberalised market. In such a 
market, customers will look for the electricity service best suited for them. Different 
customers attach different weights to features of electricity supply, and distributed 
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generation technologies can help electricity suppliers to supply to the electricity 
customers the type of electricity service they prefer. In short, distributed generation 
allows players in the electricity sector to respond in a flexible way to changing market 
conditions. Some major examples are discussed below.  
In liberalised markets, it is important to adapt to the changing economic environment in 
the most flexible way. Distributed generation technologies generally provide this 
flexibility because of their small sizes and the short construction lead times compared to 
most types of larger central power plants. According to the IEA (2002), the value of their 
flexibility is probably understated when economic assessments of distributed 
generation are made. It should be stated that the lead time reduction is not always that 
evident. Public resistance to for instance wind energy and use of landfill gasses may be 
very high[11].  
 
2.3.1.1 Standby capacity or peak use capacity (peak shaving)  
Many distributed generation technologies are indeed flexible in several respects: 
operation, size and expandability. For example, making use of distributed generation 
allows reacting in a flexible way to electricity price evolutions. Distributed generation 
then serves as a hedge against  these price fluctuations.  
Apparently, the US demand for distributed generation is mainly driven by price 
volatility, i.e. using distributed generation for continuous use or for peaking use (peak 
shaving). In Europe, market demand for distributed generation is, for the moment, 
driven by heat applications, introduction of renewables and by potential efficiency 
improvements.  
 
2.3.1.2 Reliability and Power Quality  
The second major driver of US demand for distributed generation is quality of supply 
considerations. Reliability problems refer to sustained interruptions, which are voltage 
drops to near zero (usually called outages), in electricity supply. The liberalisation of 
energy markets makes customers more aware of the value of  reliable electricity supply. 
In many European countries, the reliability level has been very high, mainly because of 
high engineering standards. Customers do not really care about supply interruptions 
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because they do not feel it as a great risk. This can change in liberalised markets, 
because a high reliability level implies high investment and maintenance costs for the 
network and generation infrastructure. Because of the incentives for cost-effectiveness 
that come from the introduction of competition in generation and from the re-regulation 
of the network companies, it might be that reliability levels will decrease. However, 
having a reliable power supply is very important for  industry (chemicals, petroleum, 
refining, paper, metal, telecommunications). Firms in these industries may find the 
reliability of the grid supplied electricity too low and they will decide to invest in 
distributed generation units in order to return their overall reliability of supply to 
present, pre-liberalised standards.  
The IEA (2002) recognises the provision of reliable power as the most important future 
market niche for distributed generation. It identifies two distributed generation 
technologies that could provide protection against power interruptions, i.e. fuel cells and 
backup systems combined with a UPS system (uninterruptible power supply). Also gas- 
and diesel engines combined with a fly-wheel to cover the start-up time are being 
commercialised. The reliability issue is rather new in Europe, contrary to the US, where 
a significant amount of research has been done on this issue. It has to be stressed that 
fuel cell technology is not easily commercially available. Apart from large voltage drops 
to near zero (reliability problems), one can also have smaller voltage deviations. The 
latter deviations are aspects of power quality. Power quality refers to the degree to 
which power characteristics align with the ideal sinusoidal voltage and current 
waveform, with current and voltage in balance. Thus, strictly speaking, power quality 
encompasses reliability.  
Insufficient power quality can be caused by: 
(1) failures and switching operations in the network, which mainly result in voltage 
dips, interruptions, and transients; and  
(2) network disturbances from loads that mainly result in flicker (fast voltage 
variations), harmonics, and phase imbalance. The nature of these disturbances is related 
to the ‘short-circuit capacity’, being a measure for the internal impedance, in the 
network, which depends on the network's internal configuration (e.g., length of the lines, 
short-circuit capacity of generators and transformers, etc.). To protect the system  from 
degradation in power quality, it is important for network operators to guarantee a 
specified minimum short-circuit capacity (Renner and Fickert (1999)).  
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The relation between distributed generation and power quality is an ambiguous one. On 
the one hand, many authors stress the healing effects of distributed generation for 
power quality problems. For example, in areas where voltage support is difficult, 
distributed generation can contribute because connecting distributed generation 
generally leads to a rise in voltage in the network (IEA (2002)). Dondi et al. (2002) also 
mention the potential positive effects of distributed generation for voltage support and 
power factor corrections.  
Large-scale introduction of decentralised power generating units may also lead to an 
instability of the voltage profile: due to the bi-directional power flows and the 
complicated reactive power flows arising when insufficient control is introduced, the 
voltage throughout the grid may fluctuate [12]. Additionally, bi-directional power flows 
make it difficult to tune the protection systems in the grid: short-circuits and overloads 
are supplied by multiple sources, each independently not detecting the anomaly. 
Eventually an ‘islanding’ situation may occur in which a local generator keeps a part of a 
disconnected grid energized leading to dangerous situation for the repair personnel 
coming.  
 
2.3.1.3 Alternative to expansion or use of the local network  
Distributed generation could serve as a substitute for investments in transmission and  
distribution capacity (demand for distributed generation from T&D companies) or as a 
bypass for transmission and distribution costs (demand  for distributed generation from 
electricity customers). Of course, this is possible only to the extent that alternative 
primary fuels are locally available. Furthermore, increased use of distributed generation 
can result in new congestion problems in other networks, such as for example the gas 
transport network.   
According to the IEA (2002), on-site production could result in cost savings in 
transmission and distribution of about 30% of electricity costs. As such, it is seen as one 
of the biggest potential drivers for the distributed generation demand. In general, the 
smaller the customer size, the larger the share of transmission and distribution costs in 
the electricity price (above 40% for households).  
 29 
 
From the point of view of the system operators, distributed generation units can 
substitute for investments in transmission and distribution capacity. In some cases, and 
with a different control, a distributed generation unit can even be used as an alternative 
to connecting a customer to the grid in a ‘stand alone’ application. Furthermore, well 
chosen distributed generation locations (i.e. close to the load) can also contribute to 
reduced grid losses. The IEA (2002) reports average grid losses of 6,8% in the OECD 
countries.  According to Dondi et al. (2002), cost savings of 10% to 15% can be achieved 
in this way. However, according to the AMPERE report (2000), these results are only 
correct when the distributed generation units are stand-alone units and don’t appeal to 
the grid.  If not they are jointly responsible for the distribution grid and its losses.  
 
2.3.1.4 Grid support  
Finally, distributed generation can also contribute in the provision of ancillary services. 
These include services necessary to maintain a sustained and stable operation of the 
grid, but not directly supplying customers. This may be the capability to generate on 
demand of the grid operator, for instance to stabilize a dropping frequency due to a 
sudden undercapacity (e.g. a power plant switching off due to technical problems) or 
excess demand. 
2.3.2 Environmental concerns 
At present, environmental policies or concerns are probably the major driving force for 
the demand for distributed generation in Europe. Environmental regulations force 
players in the electricity market to look for cleaner energy- and cost-efficient solutions. 
Here, distributed generation can also play a role, as it allows optimising the energy 
consumption of firms that have a large demand for both heat and electricity. 
Furthermore, most government policies that aim to promote the use of renewables will 
also result in an increased impact of distributed generation technologies, as renewables, 
except for large hydro, have a decentralised nature.  
 
2.3.2.1 Combined generation of heat and electricity  
Especially on sites where there is a considerable and relatively constant demand for 
heat, it makes sense to consider the combined generation of heat and electricity instead 
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of generating the heat in a separate boiler and buying electricity from the grid. These so-
called cogeneration units form a large segment of the distributed generation market. 
Compared to separate fossil-fired generation of heat and electricity, CHP generation may 
result in a primary energy conservation, varying from 10 to 30%, depending on the size 
(and efficiency) of the cogeneration units. The avoided emission is in a first 
approximation similar to the amount of energy saving, although the interaction with the 
global electricity generation system also plays a role.  
 
2.3.2.2 Efficient use of cheap fuel opportunities  
Installing distributed generation allows the exploitation of cheap fuel opportunities. For 
example, in the proximity of landfills, distributed generation units could burn landfill 
gasses. Also other locally available biomass may be envisaged.  
In short, the liberalisation of the electricity market and increased environmental 
concerns both induce an increased interest in distributed generation applications and 
thus also in innovations in the appropriate technologies. However, the economic as well 
as technical challenge will be to optimally integrate this increasing number of small 
generation units in an electricity system that up to now has been very centralised and 
integrated and planned. 
 
 
The previous section surveyed the major potential benefits resulting from distributed 
generation investments. However, (too much) distributed generation could possibly also 
have some costs, both economic and environmental. This section discusses some of the 
major issues found in the literature. In the end, the size and the mix of the installed 
distributed generation capacity will depend on the relative size of the costs and benefits 
of each technology. The key remaining challenge is then to design a framework that fully 
reflects these costs and benefits to the economy and to the environment.  
 
2.3.2.3 High financial cost  
The IEA (2002) and many others claim that one of the major remaining issues is the 
relatively high capital costs per kW installed power compared to large central plants. 
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Moreover, differences in capital costs between the different distributed generation 
technologies are also quite large, ranging from € 1 000 per kW to over € 20 000 per kW 
for combustion turbines and fuel cells, respectively.  
2.3.2.4 Less choice between more costly primary fuels  
According to the IEA (2002), an increasing share of distributed generation in the 
installed generation capacity, implies less choice between primary fuels. This could then 
reduce the diversification of primary energy supplies. Given that most distributed 
generation technologies are (primarily) based on gas, the IEA (2002) expects an 
increased demand for and dependency on gas. The importance of this argument 
crucially depends on the market share of distributed generation in the total generation 
capacity, but also, for example, on the amount of cogeneration that is installed, as this 
will lead to increased fuel efficiencies and possibly a lower overall fuel use. Though, it is 
difficult to estimate the whole effect as usually gas-based generation will replace coal-
based generation. Another claim is that the primary fuel supply for distributed 
generation applications will usually be more costly than that for central generation. This 
is possibly related to economies of scale and market power in the demand for primary 
energy sources that can be used to obtain lower primary fuel prices.  
 
2.3.2.5 Economic Efficiency  
Economic efficiency refers to the principle that wasting valuable resources should be 
avoided. The extent to which distributed generation is integrated efficiently in the 
electricity market hinges upon the market structure, the market operation and upon 
pricing.  
In many countries, the structure of the electricity market is revised through the 
liberalisation process. The final market structure will have an influence on the 
penetration potential of distributed generation. An economically efficient deployment 
would require a liberalisation of the retail market in the sense that electricity customers 
then have the option to generate their own electricity in response to price (IEA (2002) if 
a dispatchable DG technology is used (e.g. wind or CHP are less suitable since they are 
mainly climate or heat-demand driven)). If only wholesale market liberalisation is 
achieved, electricity  customers would essentially be faced with a monopolist at the 
 32 
 
distribution level. This monopolist can easily discourage the installation of distributed 
generation, for example by charging high prices for ancillary services or by offering very 
low prices for distributed power supplied to the grid. Clearly, the regulator could play a 
role here, for example by fixing (minimum) buy-back prices, but these prices risk to be 
set at inefficient levels such that either too much or too little distributed generation 
capacity is installed.  
Liberalisation at the retail level is not a sufficient condition for non-discriminatory 
access of distributed generation to the grid. Grid operators that own generation capacity 
also have an incentive to discriminate against distributed  generation. A separation of 
generation and distribution transport activities is necessary to remove this incentive. In 
the latter case, some potential benefits mentioned in the previous section will be more 
difficult to realise (distributed generation as an alternative to grid expansion).  
Often, the liberalisation of the electricity market has led to the introduction of spot 
markets for electricity. These markets play an important role in the balancing of supply 
and demand. Generators and retailers unable to meet their  forecasted output or 
demand must turn to the balancing market where they pay high prices  for their 
imbalances. Clearly, distributed generators are adversely affected by this evolution 
because they typically have difficulties to forecast their output (heat driven or 
renewable). In principle, prices should reflect underlying demand and supply 
conditions, which can vary over time and place. In practice, electricity prices are rarely 
sensitive to location, except when there are important technical reasons for price 
differences found in the grid, and in many cases they are also not sensitive to time, 
except for corrections for day/night or weekend and seasonal.  
Pricing mechanisms based on varying demand and supply conditions will encourage an 
efficient use and deployment of (distributed) generation. The use of time based pricing 
schemes is increasing (peak-load pricing, time-of-use rates), but location based pricing 
schemes are apparently more difficult to implement.  
 
2.3.2.6 Environmental protection  
From the point of view of fuel utilization, smaller distributed generation plants generally 
are less efficient than larger central plants of the same type. Only when operating in a 
“combined heat and power” mode, they may conserve primary energy compared to the 
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separate generation of electricity and heat in BAT-electric-power plants and high-
efficiency boilers. The environmental burden per unit of output (electricity or heat) is 
not easy to pinpoint in that the allocation of the emissions to the electricity or heat side 
is not straightforward. This allocation may be done energetically and based on direct or 
avoided emissions. Although there are good thermodynamic reasons to argue that the 
allocation most justified is that based on the exergetic philosophy of avoided emissions, 
it is recommended to avoid the (actually undetermined) allocation and to compare CHP 
with separate generation. The primary power saving of CHP compared to separate 
generation reads: 
 
 
in which  αE  and  αQ  are the electric and thermal efficiencies of the CHP, respectively,  ηE  
and ηQ  are electric and thermal efficiencies of the electric power plant and the boiler in 
the case of separate generation and F  is the fuel input power in the CHP. With CI the 
emission coefficient of the primary driver (gas turbine, engine, etc.) of the CHP per unit 
primary input: 
 
 
   
the avoided emission of the CHP per unit of primary fuel input in the CHP compared to 
separate generation reads:  
 
 
This illustrates that the increased use of distributed generation is not always beneficial 
for the environment. It certainly would be the case for some technologies and 
applications, but it cannot be generalised. The outcome will crucially depend on the 
market share of the different distributed generation technologies and on the mix of 
central generation that is replaced. 
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2.3.2.7 Energy Security  
In some discussions, energy security is linked to the diversification of primary energy 
supplies, in others, it is interpreted as the reliability of the electricity system. Under the 
first interpretation, energy security improves as the diversification of primary energy 
supplies increases. In this case, the advantages of distributed generation are limited, as 
most technologies – with the exception of systems based on renewables –directly or 
indirectly depend on natural gas.  
Under the second interpretation, it is felt by many authors, for example by the IEA 
(2002), hat distributed generation can contribute to reduce the risks and costs of 
blackouts. Here, distributed generation is seen as an instrument that helps to reduce the 
private costs and risks for electricity customers of system failures. Others, like CIRED 
(1999), claim that distributed generation does not contribute to system security. On the 
contrary, it would have a negative effect. Such a negative impact on the system security 
occurs when the share of non-dispatchable generation capacity increases. Examples of 
such units are wind turbines, photovoltaic systems and cogeneration units that are 
closely tied to heat demand. The latter units cannot be centrally controlled because of 
the natural variability of their power supply. As a consequence, there is an increased 
need for regulating (backup) power.  
 
 
 Power Quality  
From the CIRED (1999) questionnaire, it came out that some European countries raise 
power quality as an issue in the current electricity market evolutions. Depending on the 
aspect chosen, distributed generation can either contribute to or deteriorate power 
quality. Here, we focus on some potential problems: 
 
 System Frequency  
Imbalances between demand and supply of electricity cause the system frequency to 
deviate from the rated value of 50 Hz. These deviations should be kept within very 
narrow margins, as the well functioning of many industrial and household applications 
depends on it. In economic terms, system frequency can be considered as a public good. 
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As a consequence, the transmission grid operator is appointed to take care of the system 
frequency as well as of other services with a public good character that need to be 
provided. The installation and connection of distributed generation units is also likely to 
affect the system frequency. These units will free ride on the efforts of the transmission 
grid operator or the regulatory body to maintain system frequency.  The latter will 
probably have to increase their efforts and this could have an impact on the efficiency of 
the plants and on their emissions. Therefore, the connection of an increasing number of 
distributed generation units should be carefully evaluated and planned upfront.  
 
 Voltage level  
According to Ackermann et al. (2001), the impact of distributed generation connected to 
the distribution grid on the local voltage level can be significant. A same reaction was 
noted through the CIRED (1999) questionnaire, where, next to the general impact on 
power quality, a rise in the voltage level in radial distribution systems was mentioned as 
one of the main technical connection issues of distributed generation. The IEA (2002) 
also mentions voltage control as an issue when distributed generation is connected to 
the distribution grid. This does not need to be a problem when the grid operator faces 
difficulties with low voltages, as in that case the distributed generation unit can 
contribute to the voltage support. But in other situations it can result in additional 
problems. 
 
2.3.2.8 Connection issues  
 Change in power flow  
Power can flow bidirectional within a certain voltage level, but it usually flows 
unidirectional from higher to lower voltage levels, i.e. from the transmission to the 
distribution grid. An increased share of distributed generation units may induce power 
flows from the low-voltage into the medium-voltage grid. Thus, different protection 
schemes at both voltage levels may be required (Dondi et al. (2002)).  
 
 Protection  
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Distributed generation flows can reduce the effectiveness of protection equipment. 
Customers wanting to operate in ‘islanding’ mode during an outage must take into 
account important technical (for instance the capability to provide their own ancillary 
services) and safety considerations, such that no power is supplied to the grid during the 
time of the outage. Once the distribution grid is back into operation, the distributed 
generation unit must be resynchronised with the grid voltage.  
 
 Reactive power  
Small and medium sized distributed generation units mostly use asynchronous 
generators that are not capable of providing reactive power. Several options are 
available to solve this problem. On the other hand, DG units with a power electronic 
interface are sometimes capable to deliver a certain amount of reactive power. 
 
 Power Conditioning  
Some distributed generation technologies (PV, fuel cells) produce direct current. Thus, 
these units must be connected to the grid via a DC-AC interface, which may contribute to 
higher harmonics. Special technologies are also required for systems producing a 
variable frequency   AC voltage. Such power electronic interfaces have the disadvantage 
that they have virtually no ‘inertia’, which can be regarded as a small energy buffer 
capable to match fast changes in the power balance. Similar problems arise with variable 
wind speed machines. 
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3.1 Introduction 
All the technical and economical benefits arising from multiple distributed generation 
sources in distribution networks, require to find the proper location of DG in the power 
system for obtaining their maximum potential benefits. The configuration of the optimal 
DG placement constitute a brainstorming problem for power network designers. The 
main problem is that DG sources change the power flow in networks not only to one 
direction but to multiple directions. 
 
 
3.2 Basic methods for the loss reduction problem 
There have been many studies on the reconfiguration of distribution systems for loss 
reduction. The basic techniques for solving the problem are: 
• Analytical methods 
• Metaheuristic methods 
• Genetic algorithm methods 
• Hybrid mehods 
• Other methods 
 
 
3.2.1 Analytical methods 
 
They use analytical mathematical computations to find the minimum or maximum of a 
mathematical optimization function. They give result in short time period due to the fact 
that they don’t encompass repetitive algorithms. We often make not quite real 
assumptions which can lead to unreal results. 
 
Willis presented the well known “Golden Rule” or “2/3 rule” for optimal DG placement 
for loss reduction, according to which a DG source should be placed at the point of the 
line that corresponds to 2/3 of the total length of a line with size equal to 2/3 of otal 
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load demand. This method would yield good solutions in system where loads are 
uniformly distributed. 
 
Griffin et al. used sensitivity loss factors of the network in order to give the optimal 
solution to the problem and Acharya et al. extended this method introducing modified 
sensitivity loss factors in combination with optimal power flow. 
 
The major disadvantage of analytical methods is the modelization  of DG size and 
location as constant variables. This can lead to not physically applicable results to a real 
network. 
 
 
3.2.2 Metaheuristic methods 
 
They are computational methods trying to give the optimal solution repetitively. Very 
little or not at all further assumptions are needed to be taken into consideration and a 
quite impressive amount of possible solutions is checked. Such an algorithm follow 
methods as “tabu search”, “partical swarm optimization”, “ant colony optimization” and 
“simulated annealing”. 
 
Tabu search, created by Fred W. Glover in 1986, is a local search method used for 
mathematical optimization [14], [18]. Local searches take a potential solution to a 
problem and check its immediate neighbors in the hope of finding an improved solution. 
It is a metaheuristic local search algorithm that can be used for solving combinational 
optimization problems. 
 
Partical swarm optimization (PSO) is a population-based optimization method first 
proposed by Kennedy and Eberhart in 1995, inspired by social behavior of bird flocking 
or fish schooling (Kennedy et al., 1995). The PSO as an optimization tool provides a 
population based search procedure in which individuals called particles change their 
position (state) with time. In a PSO system, particles fly around in a multidimensional 
search space. During flight, each particle adjusts its position according to its own 
experience of a neighboring particle. 
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Ant colony optimization (ACO) is a probabilistic technique for solving computational 
problems which can be reduced to finding good paths through graphs. ACO algorithm is 
a member of the ant colony algorithms family, in swarm intelligence methods, and it 
constitutes some metaheuristic optimizations. It was initially proposed by Marco Dorigo 
in 1992. 
 
Simulated annealing (SA) is a generic probabilistic metaheuristic for the global 
optimization problem of locating a good approximation to the global optimum of a given 
function in a large search space. It is often used when the search space is discrete. In the 
SA method, each point S of the search space is analogous to a state of some physical 
system, and the function E(s) to be minimized is analogous to the internal energy of the 
system in that state. The goal is to bring the system, from an arbitrary initial state, to a 
state with the minimum possible energy. The method was independently described by 
Scott Kirkpatrick, C. Daniel Gelatt and Mario P. Vecchi in 1983 and by Vlado Cerny in 
1985. 
 
 
3.2.3 Genetic algorithm methods 
 
GA methods are suitable for multiobjective problems and can lead to a near optimal 
solution. They demand computational time[15].  
GA is a search heuristic that mimics the process of natural evolution. This heuristic is 
routinely used to generate useful solutions to optimization and search problems. Genetic 
algorithms belong to the larger class of evolutionary algorithms, which generate 
solutions to optimization problems using techniques inspired by natural evolution. 
In a genetic algorithm, a population of strings (called chromosomes or the genotype of 
the genome), which encode candidate solutions (called individuals, creatures or 
phenotypes) to an optimization problem, is evolved toward better solutions [16], [17]. 
Traditionally,  solutions are represented in binary as strings of 0s and 1s. The evolution 
usually starts from a population of randomly generated individuals and happens in 
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generations. In each generation, the fitness of every individual in the population is 
evaluated, multiple individuals are stochastically selected from the current population, 
and modified to form a new population. The new population is then used in next 
iteration of the algorithm. Commonly, the algorithm terminates when either a maximum 
number of generations has been produced, or a satisfactory fitness level has been 
reached for the population. If the algorithm has terminated due to a maximum number 
of generations, a satisfactory solution may or may not have been reached.  
A typical genetic algorithm requires: 
1. A genetic representation of the solution domain. 
2. A fitness function to evaluate the solution domain. 
A standard representation of the solution is an array of bits. The fitness function is 
defined over the genetic representation and measures the quality of the represented 
solution. The fitness function is always problem dependent. Once the genetic 
representation and the fitness function are defined, a GA proceeds to initialize a 
population of solutions (usually randomly) and then (usually) to improve it through 
repetitive application of the mutation, crossover, inversion and selection operators. 
There are several criticisms of the use of a GA compared to alternative optimization 
algorithms: 
1. GA do not scale well with complexity 
2. GAs may have a tendency to converge towards local optima or even arbitrary 
points rather than the global optimum of the problem. 
3. GAs cannot effectively solve problems in which the only fitness measure is a 
single right/wrong measure, as there is no way to converge on the solution. 
4. Repeated fitness function evaluation for complex problems is often the most 
prohibitive and limiting segment of artificial evolutionary algorithms. Finding the 
optimal solution to complex high dimensional, multimodal problems often 
requires very expensive fitness function evaluations. In real world problems such 
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as structural optimization problems, one single function evaluation may require 
several hours to several days of complete simulation.  
3.2.4 Hybrid methods 
 
Hybrid methods are a combination of GA and other optimization methods and are used 
to achieve more precise and secure results. The combination of the two methods 
improves the effectiveness of GA and leads to much better results. 
 
M. Gandomkar et al. (2005) presented a new algorithm based on integrating the use of 
genetic algorithms and simulated annealing methods to optimal allocation of DG 
resources in distribution networks. Through this algorithm a significant improvement in 
the optimization goal is achieved. It has immense benefits such as short lead-time and 
low investment risk since it is built in modules, small-capacity modules that can track 
load variation more closely, small physical size that can be installed at load centres and 
does not need government approval or search for utility territory and land availability. 
The improper allocation causes many problems in the network, such as increasing 
losses, damaging voltage state, voltage flicker, harmonics, etc. 
 
Mardaneh and Ghavehpetian introduced an optimization technique based on GA and 
optimal power flow (OPF) calculations [19]. Using this technique, the search space of GA 
is limited and the optimum generation condition can be achieved.  
 
Kim et al. proposed a real-time hybrid simulation method that allow complex systems to 
be tested within the hybrid test framework by employing the convolution integral (CI) 
method, which is potentially transformative for real-time hybrid simulation. The CI 
method can allow real-time hybrid simulation to be conducted regardless of the size and 
complexity of the numerical model. 
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Zvari et al. proposed a discrete particle swam optimization and GA based approach for 
optimal planning of DG in distribution network to minimize loss and improve reliability. 
To deal appropriately with the local minima problem as the main issue in the OASC 
problem, the DPSO is modified by increasing the diversity of the optimizing variables. 
For this purpose, the mutation and crossover operators are applied to the optimizing 
variables. The results illustrate that the modified DPSO is more robust and more 
accurate compared to other methods. The objective function is composed of the line loss 
and the capacitors investment cost. The bus voltage and the feeder current are 
constraints which should be maintained within standard levels. 
 
 
3.2.5 Other methods 
 
There are also some other optimization techniques that do not belong to none of the 
above methods. 
Rosehart and Nowicki tried to define the optimal position of DG sources according to the 
operation cost of the whole system. Kashem et al. used a sensitivity analysis method of 
the electrical parts of the system, in order to reach to conclusions concerning the 
relation between DG location and stability – effectiveness of the system. Keane and 
Malley used the Simplex method (grammical programming equation method) to solve 
the problem. Agalgaonkar et al. studied optimal positions of DG sources in a policy of a 
liberalized energy market, based on the results of locational marginal pricing. 
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4 Analytical Method for Optimal 
Placement of Distributed Generation 
Sources in Power Systems
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4.1 Method of optimal placement of DG on a radial feeder 
When distance between different loads in a radial distribution line is small, then we can 
follow the method of radial feeders with distributed loads along the line. 
To simplify the analysis, only overhead transmission lines with uniformly distributed 
parameters are considered, i.e., R and L per unit length are the same along the feeder 
while C and G per unit length are neglected [1], [2]. The loads along the feeder are 
assumed to vary in discrete time duration; for example, the feeder load distributions 
along the line for time durations and are shown in Fig. 1. 
 
Figure 4.1: A feeder with distributed loads across the line 
 
First consider a radial feeder without DG. During the time duration Ti, the loads are 
distributed along the line with the phasor current density Id(x, Ti) as shown in Fig. 1. 
The phasor feeder current at point is : 
 
Assuming the impedance per unit length of the line is  Z=R+jX (Ω/km), then the 
incremental power loss and phasor voltage drop at point  x  are: 
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The total power loss along the feeder within the time duration Ti  is: 
 
 
The voltage drop between point  x  and the receiving end is: 
 
 
And the voltage at point x is: 
Vx(Ti)=Vo(Ti)+Vdrop(x,Ti)= Vl(Ti)-Vdrop(l,Ti)+Vdrop(x,Ti) 
 
The total voltage drop across the feeder is: 
 
 
Now, consider a DG is added into the feeder at the location x0, shown in Fig. 1. In general, 
the load current density  Id(x, Ti)  will change (normally decrease) as a result of adding 
DG due to improvements in the voltage proﬁle along the line. This change in the load 
current density will cause the feeder current to decrease. The feeder current between 
the source (at x=l ) and the location of DG (at x=x0) will also change as a result of the 
injected current source  IDG(Ti). However, the change in feeder current due to the change 
in the load current density is generally much smaller than the change in the feeder 
current due to the injected current  IDG(Ti). For the purpose of analysis, the change in the 
load current density, resulted from the addition of DG, is neglected. Therefore, the load 
current density Id(x, Ti), used in (1), is also used for obtaining the feeder current after 
adding DG. In this case, the feeder current can be written as follows: 
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The corresponding power loss and voltage drop in the feeder are: 
 
 
 
 
The average power loss in a given time period T is: 
 
 
Where Nt is the number of time durations in the time period T: 
 
 
Equation (6) can still be used under this situation to calculate the voltage at point   x   by 
using Vdrop(x,Ti) obtained from (10). 
 
 
4.2 Procedure to find the optimal location of DG on a radial 
feeder 
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The goal is to add DG in a location to minimize the total average power loss and assure 
that the voltages Vx along the feeder are in the acceptable range, 1± 0.05 p.u., i.e., 
 
The solution x0 of the above equation will give the optimal site for minimizing the power 
loss, but it cannot guarantee that all the voltages along the feeder are in the acceptable 
range [4], [5]. If the voltage regulation cannot be satisﬁed at the same time, the DG can 
be placed around x0 to satisfy the voltage regulation rule while decreasing the power 
loss as much as possible, or the DG size can be increased. The analytical procedure to 
determine the optimal point to place DG on a radial feeder is given as follows: 
1) Find the distributed load Id(x,Ti) along the feeder, 
2) Get the output current IDG(Ti) of DG, 
3) Use (9) and (11) to calculate    and ﬁnd the solution x0 of (13). 
4) Use (6) and (10) to check whether the voltage regulation is satisﬁed. 
5) If all the voltages are in the acceptable range, then the calculated x0 is the optimal 
spot (xopt) to add DG. 
6) If x0 doesn’t meet the voltage regulation rule, then move the DG to see whether there 
is a point around point x0 , where all bus voltages are in the acceptable range. 
7) If no point on the feeder can satisfy the voltage regulation rule, then increase the size 
of DG and repeat steps 2) to 7). 
8) Sometimes more than one DG may be needed. Under this situation, the feeder can be 
divided into several segments and steps 1) to 7) can be applied to each segment. 
 
The Table below (Figure 4-2) shows the results of analyses, using the foregoing 
procedure, to ﬁnd the optimal location for placing DG on radial feeders with three 
different load distributions:  
 Uniformly distributed load,  
 Centrally distributed load and  
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 Uniformly increasing distributed load.  
In the results given in Table 1, it is assumed that the DG supplies all the loads on the 
feeder in each case, and the distribution system supplies the system losses. It is noted 
from this table that the DG reduces the system power losses signiﬁcantly when it is 
located properly. The 2/3 rule works well when the load is uniformly distributed along 
the feeder, but it gives inaccurate results if the load conﬁguration is different. For a 
uniformly distributed load, if the DG supplies 2/3 of the total load IDG=Ild.l2/6, the 
optimal site is at x0=l/3 according to (9).  
However, when the loads are centrally and increasingly distributed and the DG provides 
2/3 of the total load, the optimal location for placing DG turns out to be : 
      and       
 
, respectively, which differ from what the “2/3 rule” suggests. 
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For the better understanding of the above, we are going to analyze the case of the 
uniformly distributed load by solving a specific case problem. We assume a 3-phase line 
of 200m length (l=200m) that feeds uniformly a distributed load. The voltage of the line 
is 0,4kV, the resistance is Z=(o,4+j0,3) [Ω/km] and the load density is J(x)=Jo, where 
Jo=0,97 [A/m]. 
So, the total power loss of the 3-phase line is: 
Figure 4-2: Analysis of case studies with time invariant loads 
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and the total drop voltage: 
 
or 
 
 
Then, a DG source with cosφ=1 is introduced in the line and is going to feed the whole 
load of the line and the external source is going to supply the line only with power equal 
to Ploss of the system. So, the current from the DG source is: 
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In the case that the DG source fed only a percentage  a  of the load, then the current from 
the DG source would be equal to  a . IDG . So, the new total power loss of the 3-phase line 
would be: 
 
 
 
 
To find the optimal position of the DG source, we have to solve the equation: 
 
 
And this solution is valid because: 
 
So here,  xopt=l/2=100 m  and 
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and the power loss reduction percentage is: 
      
loss_reduction=[Ploss_old-Ploss_new(xopt)]/Ploss_old= 
 
which is a quite impressive and important number. 
 
The new drop voltage between the first and the last point of the radial line is: 
 
 
 
So, the conclusion is that when the DG source is placed at the optimal location and feeds 
the total of the load, the voltage drop is almost zero. 
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4.3 Procedure to find the optimal location with time varying 
load and DG 
 
The previous study was only about time-invariant loads and DGs. Now, we are going to 
analyze the feeders mentioned before, but with time varying load and DG. The analysis is 
given only for uniformly distributed load. The analyzes for other types of loads follow 
similarly[8], [13]. 
The part where this analysis differentiates from the previous one is that the variable 
describing the loads and DG is the active power and not the load density. 
We accept the assumptions concerning the 3-phase line made before. Also, the daily 
diagram of the total uniformly distributed load of the line, which is invariant during the 
year is:  
 
 
 
Figure 4-3: Daily diagram of uniformly distributed load 
 
 
The power demand at every time period of one hour  Ti is: 
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TIME LOAD [MW] 
1 1,54 
2 1,375 
3 1,32 
4 1,375 
5 1,485 
6 1,98 
7 2,915 
8 3,245 
9 2,75 
10 2,365 
11 2,2 
12 2,09 
13 1,98 
14 1,87 
15 1,76 
16 1,815 
17 2,09 
18 2,53 
19 2,805 
20 2,86 
21 2,75 
22 2,695 
23 2,475 
24 1,925 
Table 4-1: 24hour load 
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The DG source of this example is a wind farm with nominal output power of 1MW. The 
mean produced power on daily basis is: 
 
The DG source of this example is a wind farm with nominal output power of 1MW. The 
mean produced power on daily basis is: 
 
Time Load [MW] Output Power [MW] 
1 1,54 0,25 
2 1,375 0,225 
3 1,32 0,22 
4 1,375 0,21 
5 1,485 0,2 
6 1,98 0,21 
7 2,915 0,195 
8 3,245 0,18 
9 2,75 0,28 
10 2,365 0,38 
11 2,2 0,48 
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12 2,09 0,62 
13 1,98 0,72 
14 1,87 0,8 
15 1,76 0,9 
16 1,815 0,98 
17 2,09 0,82 
18 2,53 0,8 
19 2,805 0,7 
20 2,86 0,59 
21 2,75 0,42 
22 2,695 0,33 
23 2,475 0,3 
24 1,925 0,26 
Table 4-2: produced power of a wind farm 
 
If we assume a power density J(x,Ti)=Jo(Ti), where Jo(Ti) is a constant, the power losses 
during Ti, after DG placement is: 
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And the mean value of power losses are: 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Where A is equal to: 
 
To find the optimal position of the DG source, we have to solve the equation: 
 
 
 
⇒ 
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The current at the start point of the line, before the installation of the DG source is: 
 
 
 
so the optimal position of the DG now is: 
 
 
 
To simplify the result concerning the optimal position of DG, we will assume the voltage 
values at the radial line near to the nominal values, so the voltage at the start point of the 
line is almost equal the voltage at the point where DG source is located, VDG(Ti)=Vl(Ti). 
We also know that N=24, Ti=1 and cosφDG=1, so: 
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Where PDG(Ti) is the total output power of the wind farm and Pload(Ti) the total power of 
the load at Ti. 
 
 
If we put at the last equation the values from the Table 4.2, we have: 
 
     
 
 
And this solution is valid because: 
 
So, here at this example including a radial line of l=200m, the optimal DG position is at  
Xopt= 0,14m * 200=28 m from the end of the line, or at 172m at the start. 
 
 
4.4 Optimal placement of multiple DG sources 
To extend the method of optimal DG placement, we assume a number of –n- DG sources 
across the radial line at points x1, x2, x3, ... xn where x1<x2<x3<...<xn as it appears in the 
image below: 
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Figure 4-4: Multiple DG radial line 
 
The current across the line, now, is equal to: 
 
 
 
And the Ploss_new(x1, x2, ..., xn, Ti) the total power losses of the 3phase line, are: 
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jjjjjjjjj  
 
As we can see Ploss_new(x1, x2, ..., xn, Ti) is a multiple variable function. The optimal 
positions of DG sources x1opt, x2opt, ..., xnopt of the - n – DG sources is the solution of a  - n – 
equation system: 
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5 Load Flow Analysis 
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5.1 Introduction 
As far as the function of an electric power system is concerned, there is the permanent 
operating status or normal operation as well as the transient and asymmetric operation 
status or generally speaking the abnormal operation. The main reason an electric power 
system functions is to provide the active and reactive power to different loads that are 
connected to the system. The permanent operating status of the system is mainly 
expressed through the power flow inside the network so as to meet up with the demand. 
At the same time, both voltage and frequency of buses must be within specific limits 
although loads are subjected to important and unpredictable changes. 
 Under a specific permanent operating status, the problem of load flow lies in the 
definition of the system’s variants (power, current, voltage). The permanent operating 
status corresponds to a certain load, a certain power produced as well as a certain 
voltage and flow in the system. Any other load or flow corresponds to another operating 
status and they are described by different variants. 
  
5.2 Load Flow Analysis 
An electric power system is mainly composed by buses and lines. Power circulates 
among different buses from production points to loads according to the lines and 
voltages that are available [22], [23], [24]. Line paths, through which power circulates, 
are formed according to the load size and position, given that both production positions 
and the power produced are specific. Some other factors that are taken into 
consideration are loads’ relative importance and emergency situations. Under 
permanent operating status, there is a balance among power produced, losses and loads 
and this particular balance is characterized by steady frequency and constant bus 
voltages. 
5.2.1  System Variables 
The variables are the following: 
1. Active power produced PG 
2. Reactive power produced QG 
 67 
 
3. Active power of the load PD 
4. Reactive power of the load QD 
5. Voltage value V 
6. Voltage’s phase angle θ       
 
All these sizes are the system’s variants and they are six for each bus. In a N bus system, 
there is a total of 6N variants that can be classified into three groups: loads or 
disturbance variants PD, QD, production power or control variants PG, QG and dependable 
or state variants V, θ. 
Active and reactive power that is infused at the bus, is expressed as follows: 
P = PG - PD 
Q = QG - QD 
 
According to the above, there are three kinds of buses: 
 Slack bus: There is always a constant voltage as far as its measure and angle is 
concerned. Both active and reactive power produced can be calculated. 
 Load bus (PQ): both load power and production power are given while voltage 
can be defined. 
 Production bus (PV): load power, active power produced and voltage’s measure 
are given while inactive power produced and voltage’s angle can be defined. 
 
5.2.2 Load Flow Equations 
Equations of voltages of the buses and the power infused are expressed with the help of 
the following bus conductance table: 
 
Where: 
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n = the total number of buses 
Υii = Diagonal element of the conductivity table that expresses the sum of all conductivities 
that lead to bus i. 
Yij = Non diagonal element of the conductivity table that is equal to the opposite value of 
the sum of all conductivities between bus i and bus j. 
    = voltage in bus i. 
 = current infused in bus i.  
 
The equation above would be linear in case infused current in buses was given.  
However, in practice current infused to most buses is not given. Current in any i bus is 
related to the voltage and power as follows: 
 
For different types of buses, relations between the sizes described in last 
equation are defined by the features of the devices that are connected to the buses. 
Marginal conditions imposed by different types of buses makes the problem to be non-
linear and as a result load flow equations are solved in repetitively through numerical 
techniques such as Gauss- Siedel and Newton- Raphson methods. 
 
5.2.3 Application of the Netwon – Raphson method to solve the load flow 
problem 
The Newton - Raphson iterative method is more complex but safer. Usually, there is no 
problem of convergence and it typically converges faster than the Gauss-Siedel method. 
The Newton-Raphson method consists in linearizing the initial system of equations with 
the help of a Taylor expansion where terms of second rate or more are not taken into 
consideration. This particular method is presented as follows: 
Regarding any bus i, complex power is expressed as follows: 
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Current infused in bus i is: 
 
Replacing the one equation to the other, we have the following: 
 
The product of voltages Vi and Vm can be expressed as follows: 
 
By replacing the last equation to the equation that gives Pi+jQi and separating the real part 
from the unreal, equations expressing the bus i both active and reactive power are the 
following: 
 
 
As a result, both active and reactive power in buses are functions depending on meters  
and angles of the voltage of all buses. The two last equations form a system of non-linear 
equations. Equation of Pi can be applied in both load buses and production ones while 
equation of Qi is applied only in load buses. Load flow repetitive equations in bus i are, 
according to the bus type, the following: 
Bus i: Load bus 
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Bus i: Production bus 
 
where Pspi is the given value of the active power infused in case bus i is a production bus 
and Pspi , Qspi are the given values of active and reactive power infused in case bus i is a 
load one. 
Supposing that bus 1 is a slack bus, buses 2 to f are voltage controlled buses and buses f+1 
to n are load buses, through Taylor expansion and ignoring all second rate terms or 
more, we have the following linear equations: 
 
 
Where   is the Jacobian matrix. 
According to buses’ enumeration, dimensions of the Jacobian matrix would be  
(2n-m-1) * (2n-m-1).  
Sub-tables H and L are square with dimensions (n-1) * (n-1) and (n-m) * (n-m) while 
Subtables N and J are not square and their dimensions are (n-1) * (m) and (m) * (n-1) 
respectively. Relations for calculating diagonal and non-diagonal elements of the 
subtables included in the Jacobian matrix are the following: 
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Supposing that the looping calculator of the Newton-Raphson method is k, new 
estimations concerning both the meters and angles of voltages exerted in the buses arise 
from the following relations: 
 
The procedure that should be followed in order to solve load flow equations with the 
Newton- Raphson method is the following: 
 For load buses where powers Psp i and Qsp i are given, voltages’ meter and  phase 
angles are equal to the values of slack buses or are equal to 1.0 and 0 
respectively, namely V(0) i = 1.0 and θ(0) i = 0. For buses PV for which Vi and Psp i are 
given, phase angles are equal to slack bus phase or to 0, namely θ(0) i = 0. 
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  For load buses, Pi and Qi are calculated through the relevant above equations as 
well as ΔPi and ΔQi . 
 For buses PV, Pi and ΔPi are also calculated by the relevant equations above. 
 Elements included in the Jacobian matrix (H, N, J, L) can be calculated. 
 Linear equation for 
 
can be solved/ calculated directly with the use of Gauss triangularization and 
elimination.  
 All new tension meters and phase angles can be calculated through equations  
 
 The procedures lasts until ΔPi and ΔQi are of a less value in comparison with the 
determined accuracy, namely:   
 
The main advantage of Newton-Raphson method is the square convergence rate which is 
faster in comparison with any other method. Furthermore, it is a very reliable method 
that cannot be influenced by factors such as the choice of an oscillation bus or any 
negligible inductive reactance between buses. The main disadvantage characterizing the 
method stated above consists in the fact that a Jacobian matrix must be formed and 
reversed during each looping. Another disadvantage is that the method presents 
problems concerning convergence when initial hypothetical values of voltage have a 
large differentiation from real values. 
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5.2.4 Calculation of power flow and power losses 
After the convergence of the approximate method used for solving the load flow problem, 
voltage values in measure and angle in all buses of the system are known. Consequently, 
it is possible to calculate power flows and losses in all lines of the system. Supposing a 
typical line of the system as presented in Figure 5.1. The yij presents the row 
conductance of the line while yio and yjo illustrates shunt transverse conductivity. 
 
Figure 5.1: System line 
 
Line current between buses i and j can be calculated through the application of Kirchhoff 
Current Law as follows:  
 
Line current between buses j and i is: 
 
Complex power flow Sij from bus i to bus j and complex power flow Sji from bus j to bus I 
are: 
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Line power losses are estimates through the algebraic sum of complex power flows of the 
last equations and is: 
 
Finally, it is noted that total power losses of the system are calculated through the sum of 
power losses in all lines of the system. Dividing the equation of total power losses into 
the real and unreal part, we have the total active and inactive power losses of the 
system: 
 
 
5.2.5 Load flow simulation for the optimal placement of DG units in 
distribution networks 
With the use of load flow analysis it is possible to define the optimal installation position of 
a DG unit both in radial and meshed networks according to power loss minimization. 
This particular procedure demands a great processing power and it is more time- 
consuming in comparison with other analytical methods due to the use of iterative 
algorithms. However, it leads to highly accurate and correct results and it can be used to 
verify and confirm all results coming from analytical methods. 
 The present project examines dispersed production units of unary power factor. 
Consequently, the dispersed production unit that enters in the system infuses only the 
active power that produces, supposing it is PDG.  In other words, neither it produces nor 
absorbs any reactive power. Thus, reactive power of the bus to which the dispersed 
production unit is connected remains invariable while active power is: 
 
Consequently, according to the definition included in Section 5.2.1. about bus types, the 
introduction of a DG unit in a system’s bus does not alter the bus type. It is noted that we 
do not examine the possibility that the DG unit is connected to the slack bus, since there 
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is no point in infusing in the same bus both the external feed power and the power 
resulting from the DG unit. 
  All steps that should be followed in order to solve the algorithm concerning the 
determination of the optimal position of a DG unit in distribution networks through 
simulation with load flows for minimizing active power losses are the following: 
1. Introduction of datas concerning buses and lines of the system in question, as 
well as the active power produced by the DG unit that enters the system. 
2. Repetition of the following procedure for each bus that consists a potential 
position of installing a DG unit: 
• the active power produced by the dispersed production unit is added to 
the bus elements 
• According to the procedure described in Unit 5.2.3, an analysis of the load 
flow of the network should be made in order to determine voltage to all 
buses. 
• power flows in all lines of the system are calculated and afterwards, total 
active power losses are also estimated. 
The bus that is chosen as the optimal position is the one to which the total active power 
losses are minimized when active power produced by the DG unit is infused in it. 
 
 
5.2.6 Example of finding the optimal position for a DG unit through load 
flow simulation 
For a better understanding of the algorithm, we present a numerical example 
concerning a small model distribution network of 3 buses which is illustrated in Figure 
5.2. The network consists of 3 buses and 3 lines. Bus 1 is an oscillation bus while buses 2 
and 3 are load buses. Base voltage is 11kV while base power is 100MVA. Tables 5.1. and 
5.2 include line and buses data and they are formed in a particular format that is applied 
for the introduction of data concerning all systems examined in the present project in 
order to analyze the load flow problem based on the software developed to be used in 
this study. 
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Figure 5.2: Single Line Diagram of a distribution network of 3 buses. 
 
FROM BUS No TO BUS No R [p.u.] X [p.u.] 1/2B [p.u.] Line Code 
1 2 0,12 0,4 0 1 
1 3 0,24 0,53 0 1 
2 3 0,17 0,48 0 1 
Table 5-1: Line data 
 
 LOAD PRODUCTION  
BUS 
No 
BUS 
Code 
Voltage 
[p.u.] 
Voltage 
[kV] 
Voltage 
angle 
[deg] 
MW MVAR MW MVAR Qmin 
[MVAr] 
Qmax 
[MVAr] 
Infusion 
[MVAr] 
1 1 1 11 0 4 0,5 0 0 0 0 0 
2 0 1 11 0 6 1,5 0 0 0 0 0 
3 0 1 11 0 5,5 1 0 0 0 0 0 
Table 5-2: Bus data 
 
 
Table 5-1 shows all data characterizing the system’s lines. Any line is determined 
by the bus couple that forms it. Thus, the two first columns present the initial and last 
bus of a line. The next three columns refer to ohmic resistance R, to inductive reactance 
X as well as to the half of the capacitance conductivity. All values range in p.u. system. 
The last column shows the line code.  
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 Table 5-2 shows all data concerning the system’s buses. The first column 
presents the bus number where the first bus is the oscillation bus while the second 
column shows the bus code. As far as the slack bus is concerned, the code is 1 and its 
voltage both in measure and angle must be given. For load buses, the code is 0. A voltage 
initialization must be done and if it is given, it is usually equal to the slack bus voltage 
(1<00 p.u.). For production buses, the code is 2 and the voltage measure should be given. 
Columns 3 and 4 present the bus voltage in p.u. and in kV respectively while the next 
column shows the voltage angle in angular degrees. The next two columns correspond to 
load active (MW) and reactive power (MVAR). The next four columns refer to the 
production and express the active power (MW), the reactive power (MVAR), the 
minimum production of reactive power (Qmin-MVAR) and the maximum production of 
reactive power (Qmax- MVAR). The last column includes any reactive power that is 
enters the system because of the installation of parallel capacitors. 
 The main goal of our analysis is to find the optimal installation position for a DG  
unit having a size of 2.2 MW which corresponds to about a 15% of the total load of the 
distribution network. Given that bus 1 is the slack bus, bus 2 and bus 3 are the potential 
optimal positions. Initially, before the introduction of the unit in the network, a load 
flows analysis is conducted and line power flows are calculated so as to define initial 
active power losses. Results are shown in Tables 5-3 and 5-4.  
LOAD FLOW ANALYSIS RESULTS 
BUS No Voltage 
[p.u.] 
Voltage 
angle [p.u.] 
Load 
[MW] 
Load 
[MVAr] 
Production 
[MW] 
Production 
[MVAr] 
Infusion 
1 1 0 4 0,5 15,621 3,328 0 
2 0,9849 0 6 1,5 0 0 0 
3 0,9831 0 5,5 1 0 0 0 
TOTAL: 15,5 3 15,621 3,328 0 
Table 5-3:Load flow analysis results before DG input 
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POWER FLOWS AND LOSSES OF LINES 
FROM BUS No TO BUS No POWER FLOW 
[MW] 
POWER FLOW 
[MVAr] 
POWER FLOW 
[MVA] 
LOSSES 
[MW] 
LOSSES 
[MVAr] 
1 - 11,6206 2,8281 11,9598 - - 
1 2 6,4641 1,9092 6,7401 0,0545 0,1817 
1 3 5,1567 0,919 5,2379 0,0658 0,1454 
2 - -6 -1,5 6,1847 - - 
2 1 -6,4095 -1,7275 6,6383 0,0545 0,1817 
2 3 0,4095 0,2275 0,4685 0,0004 0,0011 
3 - -5,5 -1 5,5902 - - 
3 1 -5,0908 -0,7736 5,1493 0,0658 0,1454 
3 2 -0,4092 -0,2264 0,4676 0,0004 0,0011 
TOTAL: 0,1207 0,3282 
Table 5-4: Results of line power flow and losses before DG input 
 
Supposing that the DG unit is connected to bus No2 of the network, then 2.2 MW of 
active power produced by the DG unit are added to bus No2 production data. A load flow 
analysis is made based on the new data and power flows in lines are estimated in order 
to calculate the new active power losses in the distribution network. Results are 
presented in Tables 5-5 and 5-6. 
LOAD FLOW ANALYSIS RESULTS 
BUS No VOLTAGE 
[p.u.] 
VOLTAGE 
ANGLE [deg] 
LOAD 
[MW] 
LOAD 
[MVAr] 
PRODUCTION 
[MW] 
PRODUCTION 
[MVAr] 
 
INFUSION 
[MVAr] 
1 1 0 4 0,5 13,385 3,226 0 
2 0,9871 0 6 1,5 2,2 0 0 
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3 0,9844 0 5,5 1 0 0 0 
TOTAL: 15,5 3 15,585 3,226 0 
Table 5-5:Load flow analysis results after DG input in bus #2 
 
POWER FLOW AND POWER LOSSES 
FROM BUS  
No 
TO BUS  
No 
POWER FLOW 
[MW] 
POWER FLOW 
[MVAR] 
POWER FLOW 
[MVA] 
LOSSES 
[MW] 
LOSSES 
[MVAR] 
1 - 9,3853 2,7258 9,7732 - - 
1 2 4,8504 1,7999 5,1736 0,0321 0,1071 
1 3 4,5350 0,926 4,6286 0,0514 0,1135 
2 - -3,8 -1,5 4,0853 - - 
2 1 -4,8183 -1,6929 5,107 0,0321 0,1071 
2 3 1,0183 0,1929 1,0364 0,0019 0,0053 
3 - 5,5 -1 5,5902 - - 
3 1 -4,4836 -0,8124 4,5566 0,0514 0,1135 
3 2 -1,0164 -0,1876 1,0336 0,0019 0,0053 
TOTAL: 0,0854 0,2259 
Table 5-6:Results of line power flow and losses after DG input in bus #2 
 
Now, supposing that the DG unit is connected to bus 3 of the network, then 2.2 MW of 
active power produced by the DG unit are added to bus 3 production data. A load flow 
analysis is made based on the new data and power flows in lines are estimated in order 
to calculate the new active power losses in the distribution network. Results are shown 
in Tables 5-7 and 5-8. 
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LOAD FLOW ANALYSIS RESULTS 
BUS No VOLTAGE 
[p.u.] 
VOLTAGE 
ANGLE [deg] 
LOAD 
[MW] 
LOAD 
[MVAr] 
PRODUCTION 
[MW] 
PRODUCTION 
[MVAr] 
 
INFUSION 
[MVAr] 
1 1 0 4 0,5 13,378 3,220 0 
2 0,9863 0 6 1,5 0 0 0 
3 0,9862 0 5,5 1 2,2 0 0 
TOTAL: 15,5 3 15,578 3,220 0 
Table 5-7:Load flow analysis results after DG input in bus #3 
 
POWER FLOW AND POWER LOSSES 
FROM BUS  
No 
TO BUS  
No 
POWER FLOW 
[MW] 
POWER FLOW 
[MVAR] 
POWER FLOW 
[MVA] 
LOSSES 
[MW] 
LOSSES 
[MVAR] 
1 - 9,3781 2,7196 9,7645 - - 
1 2 5,6014 1,8028 5,8843 0,0416 0,1385 
1 3 3,7768 0,9169 3,8865 0,0363 0,0801 
2 - -6 -1,5 6,1847 - - 
2 1 -5,5598 -1,6643 5,8036 0,0416 0,1385 
2 3 -0,4402 0,1643 0,4698 0,0004 0,0011 
3 - -3,3 -1 3,4482 - - 
3 1 -3,7406 -0,8368 3,833 0,0363 0,0801 
3 2 -0,4406 -0,1632 0,4698 0,0004 0,0011 
TOTAL: 0,0782 0,2196 
Table 5-8:Results of line power flow and losses after DG input in bus #3 
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The results’ comparison presented in Table 9 shows that active power losses in the 
distribution network are minimized when the DG unit is attached to bus 3. Thus, bus 3 is 
the optimal position for the installation of the DG unit. Furthermore, it is noted that 
because of the optimal installation position of the DG unit, voltages in buses 2 and 3 are 
slightly improved, meaning that they come closer to their nominal value. 
Initial active power losses 0,1207 [MW] 
Active power losses with DG in bus #2 0,0854 [MW] 
Active power losses with DG in bus #3 0,0782 [MW] 
Optimal position of the DG unit BUS #3 
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6 Improved Analytical Method for 
Multiple DG Placement in Primary 
Distribution Networks for Loss 
Reduction 
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6.1 Introduction 
At this point, improved  analytical  (IA)  method  will be examined.  This method  is  
based  on  improved  analytical  expressions  to  calculate the optimal size of four 
different DG types and a methodology to identify the best location for DG allocation. A 
technique to get the optimal  power  factor  is  presented  for  DG  capable  of  delivering 
real  and  reactive  power [3], [28]. IA method  was  tested  and  validated  on  three  
distribution  test systems with varying sizes and complexity.   
 
6.2 Methodology 
This section focuses on a detailed description of IA method.  
 
6.2.1 Power losses 
The  total  real  power  loss  in  a  power  system  is  represented by an exact loss 
formula: 
 
where 
 
Vi<δi            is the complex voltage at the bus ith ; 
Rij+jxij=Zij   is the ijth element of [Zbus] impedance matrix; 
Pi and Pj     are the active power injections at the ith and jth buses respectively; 
Qi and Qj    are the reactive power injections at the ith and jth buses, respectively; 
N                is the number of buses. 
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6.2.2 IA Method 
Here,  an  effective  methodology  will be  proposed  to  find the  optimal  location,  size,  
and  power  factor  of  multiple  DG units  in  distribution  networks.  A  brief  description  
of  the  IA expressions  and  optimal  power  factors  for  single  DG allocation is 
presented as follows: 
1. For type 1 DG (0<PFDG<1) : is capable  of  injecting  both  real  and  reactive  
power  (e.g., synchronous generators). The optimal size of DG at each bus-i for 
minimizing losses can be given by (2) and (3): 
 
in which 
a = (sign)tan(cos-1(PFDG)) 
sign=+1:  DG injecting reactive power  
 
The aforementioned equations give the optimum size of DG for  each  bus  i,  for  
the  loss  to  be  minimum.  Any  size  of  DG other than PDGi  placed at bus i, will 
lead to a higher loss. This loss, however, is a function of loss coefficients α and β. 
When DG  is  installed  in  the  system,  the  values  of  loss  coefficients will  
change,  as  it  depends  on  voltage  and  angle.  Updating values of α and β again 
requires another load flow calculation. However,  numerical  results  showed  
that  the  accuracy  gained in the size of DG by updating α and β is small and 
negligible. With  this  assumption,  the  optimum  size  of  DG  for  each bus,  given  
by  the  aforementioned  relations,  can  be  calculated from  the  base  case  load  
flow  (i.e.,  without  DG  case).  This methodology  requires  load  flow  to  be  
carried  out  only  two times  for  single  DG  allocation,  one  for  the  base  case  
and another  at  the  end  with  DG  included  to  obtain  the  final solution. 
2. For type 2 DG (0<PFDG<1) : is capable  of  injecting  real power but consuming  
reactive  power (sign=-1)  (e.g., induction generators). Similar to type 1 DG, the 
 85 
 
optimal size of type 2 DG at each bus i for the minimum loss is given by (2) and 
(3). 
3. For type 3 DG (PFDG=1, a=0) : is capable  of  injecting   real power only (e.g., PV, 
micro turbines and fuel cells which are integrated to the main grid with the help 
of inverters). The optimal size of DG at each bus i for the minimum loss is given 
by reduced equation (4): 
 
4. For type 4 DG (PFDG=0, a=∞) : is capable of delivering reactive power only (e.g., 
synchronous compensators).  The optimal size of DG at each bus i for the 
minimum loss is given by reduced equation (5): 
 
 
Then, another issue is the optimal power factor of DG units to be placed. To understand 
the concept of the power factor selection, we can consider a simple distribution system 
with two buses, a source, a load and a DG connected through a transmission line as 
shown in the figure below: 
 
Figure 6-1: A simple distribution system with single DG 
 
The power factor PFD of the load is given as: 
 
and the power factor PFDG injected is given as: 
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It  is  obvious  that  the  minimum  loss  occur  when  the  power factor of the single DG as 
(6) is equal to that of the single load as (7).   
To  find  the  optimal  power  factor  of  DG  units  for  a  radial complex  distribution  
system,  a  fast  approach  is  proposed.  A repeated approach is also introduced to check 
the effectiveness of the fast approach. 
 
6.2.3 Fast approach 
The  power  factor  of  the  combined  load of  the  system  (PFD)  can  be  expressed  by  
(6),  in  which,  the total  active  and  reactive  power  of  the  load  demand  is expressed 
as: 
 
The “possible minimum” total loss can be  achieved  if  the power factor of  DG  is 
selected to  be equal to that of  the combined load (PFD). That can be expressed as: 
 
 
6.2.4 Repeated method 
In  this  method,  the  optimal  power factor  is  selected  by  calculating  a  few  power  
factors  of  DG units  (change  in  a  small  step  of  0.01)  that  are  near  to  the power 
factor of the combined load. The sizes and locations of DG  units  at  various  power  
factors  with  respect  to  losses  are identified  from  (2)  &  (3).  The  losses  are  
compared,  and  the optimal  power  factor  of  DG  units  at  which  the  total  loss  is  at  
minimum is determined. 
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6.2.5 Optimization algorithm  
This algorithm is made on the basis of the improved analytical expressions to find the 
optimal buses at  which the losses are  the  lowest  and  where  multiple  DG  units  are  
best  placed. The  IA  expressions  help  to  reduce  the  solution  space.  Fig.  2 illustrates 
the  flowchart  of  IA  method  for  multiple  DG allocation. The descriptions of each step 
in detail are  given as follows. In this  work, based an idea of updating the load data after 
each time of DG placement, the algorithm is proposed to solve  optimal  multiple  DG  
placement.  First,  a  single  DG  is added  in  the  system.  After  that,  the  load  data  is  
updated  with the  first  DG  placed  and  then  another  DG  is  added.  Similarly, the 
algorithm continues to allocate other DG units until it does not satisfy at least one of the 
constraints in step 7 as described as follows. 
 
Figure 6-2: Algorithm 
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The  computational  procedure  to  allocate  multiple  DG  on the  basis  of  the  IA  
expressions  is  described  in  detail  as follows. 
 
Step 1:   Enter the number of DG units to be installed.  
Step 2:  Run  load  flow  for  the  base  case  and  find  losses using (1).  
Step 3:  Calculate the power factor of DG using (8) or enter the power factor of DG.  
Step 4:  Find  the  optimal  location  of  DG  using  the following steps:  
a)  Calculate  the  optimal  size  of  DG  at  each  bus using (2) and (3).  
b)  Place  the  DG  with  the  optimal  size  as mentioned  earlier  at  each  bus,  one  
at  a  time. Calculate  the  approximate  loss  for  each  case using  (1)  with  the  
values  α  and  β  of  the  base case.  
c)  Locate  the  optimal  bus  at  which  the  loss  is  at minimum.   
Step 5:  Find  the  optimal  size  of  DG  and  calculate  losses using the following steps.  
a)  Place a DG at the optimal bus obtained in step 4,  change  this  DG size in 
“small” step, update the  values  α  and  β,  and  calculate  the  loss  for each case 
using (1) by running load flow.  
b)  Select and store the optimal size of the DG that gives the minimum loss.  
Step 6:  Update  load  data  after  placing  the  DG  with  the optimal  size  obtained  in  
step  5  to  allocate  the  next DG.  
Step 7:  Stop if either the following occurs:  
a)  the voltage at a particular bus is over the upper limit;  
b)  the  total  size  of  DG  units  is  over  the  total  load plus loss;  
c)  the  maximum  number  of  DG  units  is unavailable;  
d)  the  new  iteration  loss  is  greater  than  the previous iteration loss.  
The  previous  iteration  loss  is  retained; otherwise, repeat steps 2 to 6. 
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6.3 Numerical results 
The proposed methodology is tested on three different radial test systems with varying 
sizes and complexities. Based on the proposed methodology, Duong Quoc Hung and 
Nadarajah Mithulananthan have developed an analytical software tool in MATLAB 
environment to run load flow, calculate power losses and identify the optimal size and 
location of multiple DG units. Through the tool can handle four different types of DG and 
different load levels, the results of type 3 DG and type 1 DG at peak load level, 
respectively are presented.  
The  following  are  the  assumptions  and  constraints  taken:  
1)  The  lower  and  upper  voltage  thresholds  are  set  at  0.90 pu and 1.05 pu, 
respectively.  
2)  The  maximum  number  of  DG  units  is  three,  with  the size each from 250 kW to 
the total load plus loss and the maximum DG penetration is 100%. 
 
6.3.1 16-bus system 
The first system used is a 16-bus test radial distribution system with a total load of 
28,7MW and 5,9 MVAr. It has 3 feeders and the data of the system are presented in the 
table 6.1 [S. Civanlar, J.J. Grainger, H. Yin, S.S.H. Lee, “DISTRIBUTION FEEDER 
RECONFIGURATION FOR LOSS REDUCTION”, IEEE Transactions on Power Delivery, 
Volume 3, No 3, July 1988] : 
 
BUS 
TO 
BUS 
SECTION 
RESISTA
NCE [p.u] 
SECTION 
REACTANCE 
[p.u.] 
END BUS 
LOAD 
[MW] 
END BUS 
LOAD 
[MVAr] 
END BUS 
CAPACITOR 
[MVAr] 
END BUS 
VOLTAGE 
[p.u.] 
1-4 0,075 0,1 2 1,6  0,991/-0,370 
4-5 0,08 0,11 3 1,5 1,1 0,988/-0,544 
4-6 0,09 0,18 2 0,8 1,2 0,986/-0,697 
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6-7 0,04 0,04 1,5 1,2  0,985/-0,704 
2-8 0,11 0,11 4 2,7  0,979/-0,753 
8-9 0,08 0,11 5 3 1,2 0,971/-1,451 
8-10 0,11 0,11 1 0,9  0,977/-0,770 
9-11 0,11 0,11 0,6 0,1 0,6 0,971/-1,525 
9-12 0,08 0,11 4,5 2 3,7 0,969/-1,836 
3-13 0,11 0,11 1 0,9  0,994/-0,332 
13-14 0,09 0,12 1 0,7 1,8 0,995/-0,459 
13-15 0,08 0,11 1 0,9  0,992/-0,527 
15-16 0,04 0,04 2,1 1 1,8 0,991/-0,596 
5-11 0,04 0,04     
10-14 0,04 0,04     
7-16 0,09 0,12     
Table 6-1: Data of the 16-bus & 3 feeder example system 
 
Table  6.2  presents  the  simulation results of placing DG units by various techniques 
[Duong Quoc Hung and Nadarajah Mithulananthan, “Multiple Distributed Generator 
Placement in Primary Distribution Networks for Loss Reduction”, paper accepted for 
publication]. The results of  the  base  case  and  three  cases  with  DG  numbers  ranging 
from  one  to  three  are  compared.  The  results  include  the optimal  sizes  and  
locations  of  DG  units  with  respect  to  the total  losses.  The  loss  reduction, 
computational  time,  and  schedule  of  installed  DG  units  are also presented in the 
table. IA  demands  short  computational  time . 
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Cases Installed DG schedule DG 
[MW] 
Ploss 
[kW] 
Loss 
Reduction 
[%] 
Time 
[s] 
No DG     -  0 0,01 
1 DG  
unit 
Bus 9       
Size 13,10   13,10 168,49 67,06 0,16 
2 DG 
units 
Bus 9 6      
Size 13,10 5,24  18,34 112,29 78,04 0,28 
3 DG 
units 
Bus 9 6 16     
Size 13,10 5,24 3,93 22,27 76,99 84,95 0,38 
Table 6-2: DG placement for 16-bus system 
 
Table  6.3  shows  the  simulation results  of  the  optimal  sizes,  locations,  and  power  
factors  of DG  units  by  IA  for  this  system  [Duong Quoc Hung and Nadarajah 
Mithulananthan, “Multiple Distributed Generator Placement in Primary Distribution 
Networks for Loss Reduction”, paper accepted for publication].  The  results  of  the  base  
case and  three  cases  with  DG  units  at  the  optimal  and  combined load  power  
factors  are  compared.  The  power  factor  of  the combined  load  is  0.98  lagging.  The  
optimal  power  factor  of DG  units  is  identified  at  0.99  lagging.  In  all  the  cases,  the 
results  of  loss  reduction  at  the  optimal  power  factor  are slightly higher compared to 
those at the combined load power factor.  As  a  result,  selection  of  the  power  factor  of  
DG  units can be based on combined load power factor.  Among  the  cases,  three  DG  
units  at  the  optimal  power factor  yield  a  maximum  loss  reduction  of  86.70%,  
while  one DG  at  this  power  factor  obtains  a  minimum  loss  reduction  of only 
68.21%. As the number of DG units is increased, the loss reduction becomes more 
effective.  These  results  are  obtained  with  the  help  of  the  proposed method. 
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Cases DG power 
 factors @ 
Installed DG schedule DG  
[MVA] 
Ploss 
[kW] 
Loss 
Reduction [%] 
No DG      - 511,43 0,00 
1 DG 
unit 
Combined load 
PF= 0,98 lagging 
Bus 9      
Size 13,09   13,09 164,02 67,93 
Optimal 
PF= 0,99 lagging 
Bus 9      
Size 13,12   13,12 162,58 68,21 
2 DG 
units 
Combined load 
PF= 0,98 lagging 
Bus 9 6     
Size 13,27 5,97  19,23 102,82 79,90 
Optimal 
PF= 0,99 lagging 
Bus 9 6     
Size 13,13 5,91  19,04 102,22 80,01 
3 DG 
units 
Combined load 
PF= 0,98 lagging 
Bus 9 6 15    
Size 13,27 5,97 3,98 23,21 69,20 86,47 
Optimal 
PF= 0,99 lagging 
Bus 9 6 15    
Size 13,13 5,91 3,94 22,98 68,00 86,70 
Table 6-3: DG placement at optimal and combined load power factors for 16-bus system 
 
Tables  6.4 indicates  the  minimum  and  maximum voltages  for  16-bus  test  systems.  
In  all  the  cases,  after  DG  units  are  added,  the total  losses  can  reduce  significantly  
while  satisfying  all  the power  and  voltage  constraints.   It  is  interesting  to  note  that  
the voltage  profile  improves  when  the  number  of  DG  units installed in the system is 
increased. Power factors of DG units too have an influence on voltage profiles as 
expected. 
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DG POWER 
FACTORS @ 
CASES MIN VOLTAGE 
@ BUS 
MAX VOLTAGE 
@ BUS 
 No DG 0,9693@12 1,0000@1 
Unity 
1 DG 0,9849@7 1,0000@1 
2 DG 0,9913@16 1,0000@1 
3 DG 0,9918@5 1,0004@16 
Combined load 
PF=0,98 lagging 
1 DG 0,9849@7 1,0011@9 
2 DG 0,9913@16 1,0026@9 
3 DG 0,9941@5 1,0026@9 
Optimal 
PF=0,99 lagging 
1 DG 0,9849@7 1,0025@9 
2 DG 0,9913@7 1,0009@9 
3 DG 0,9937@5 1,0009@9 
Table 6-4: Voltages of cases for 16-bus system 
Figure 6-3: Optimum sizes & locations of DG at various PF versus losses for 16-bus test system. 
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6.3.2 33-bus system 
The second system used is a 33-bus test radial distribution system with a total load of 
3,715MW and 2,3 MVAr. It has 3 feeders and the data of the system are presented in the 
table 6.5 [M. A. Kashem, V. Ganapathy, G.B. Jasmon, M.I. Buhari, Multimedia University 
Selangor, Malaysia, “A novel method for loss Minimization in Distribution Networks] : 
NODE VOLTAGE 
 [p.u] 
VOLTAGE 
ANGLE 
[p.u.] 
END BUS 
LOAD 
[kW] 
END BUS 
LOAD 
[kVAr] 
PRODUCTION 
[kW] 
PRODUCTION 
[kVAr] 
0 1,000 0,000 0 0 3854,551 2402,305 
1 0,997 0,014 100 60 0,000 0,000 
2 0,987 0,097 90 40 0,000 0,000 
3 0,982 0,163 120 80 0,000 0,000 
4 0,978 0,230 60 30 0,000 0,000 
5 0,967 0,249 60 30 0,000 0,000 
6 0,967 0,209 200 100 0,000 0,000 
7 0,963 -0,685 200 100 0,000 0,000 
8 0,959 -0,736 60 20 0,000 0,000 
9 0,963 -0,624 60 20 0,000 0,000 
10 0,963 -0,624 45 30 0,000 0,000 
11 0,963 -0,626 60 35 0,000 0,000 
12 0,960 -0,641 60 35 0,000 0,000 
13 0,960 -0,658 120 80 0,000 0,000 
14 0,953 -0,893 60 10 0,000 0,000 
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15 0,951 -0,915 60 20 0,000 0,000 
16 0,949 -1,008 60 20 0,000 0,000 
17 0,947 -1,019 90 40 0,000 0,000 
18 0,995 -0,022 90 40 0,000 0,000 
19 0,978 -0,306 90 40 0,000 0,000 
20 0,974 -0,425 90 40 0,000 0,000 
21 0,970 -0,515 90 40 0,000 0,000 
22 0,983 0,067 90 50 0,000 0,000 
23 0,977 -0,021 420 200 0,000 0,000 
24 0,973 -0,065 420 200 0,000 0,000 
25 0,966 0,286 60 25 0,000 0,000 
26 0,963 0,339 60 25 0,000 0,000 
27 0,953 0,424 60 20 0,000 0,000 
28 0,945 0,503 120 70 0,000 0,000 
29 0,942 0,602 200 600 0,000 0,000 
30 0,938 0,528 150 70 0,000 0,000 
31 0,938 0,510 210 100 0,000 0,000 
32 0,947 -1,022 60 40 0,000 0,000 
TOTAL: 3715 2300 3854,551 2402,305 
Table 6-5:Data of the 33-bus & 3 feeder example system 
 
Table  6.6  presents, similar to 16-bus system,  the  simulation results of the optimal 
sizes and locations of DG units [Duong Quoc Hung and Nadarajah Mithulananthan, 
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“Multiple Distributed Generator Placement in Primary Distribution Networks for Loss 
Reduction”, paper accepted for publication]. The results of  the  base  case  and  three  
cases  with  DG  numbers  ranging from  one  to  three  are  compared.  The  results  
include  the optimal  sizes  and  locations  of  DG  units  with  respect  to  the total  losses.  
The  loss  reduction, computational  time,  and  schedule  of  installed  DG  units  are also 
presented in the table. IA  demands  short  computational  time . 
Cases Installed DG schedule DG 
[kW] 
Ploss 
[kW] 
Loss 
Reduction 
[%] 
Time 
[s] 
No DG     - 211,20 0 0,02 
1 DG  
unit 
Bus 6       
Size 2601   2601 111,10 47,39 0,16 
2 DG 
units 
Bus 6 14      
Size 1800 720  2520 91,63 56,61 0,27 
3 DG 
units 
Bus 6 12 31     
Size 900 900 720 2520 81,05 61,62 0,40 
Table 6-6: DG placement for 33-bus system 
 
Table  6.7  shows  the  simulation results  of  the  optimal  sizes,  locations,  and  power  
factors  of DG  units  by  IA  for  this  system  [Duong Quoc Hung and Nadarajah 
Mithulananthan, “Multiple Distributed Generator Placement in Primary Distribution 
Networks for Loss Reduction”, paper accepted for publication].  The  results  of  the  base  
case and  three  cases  with  DG  units  at  the  optimal  and  combined load  power  
factors  are  compared.  The  optimal power factor of DG units is identified at 0.82 
lagging.  In  all  the  cases,  the results  of  loss  reduction  at  the  optimal  power  factor  
are slightly higher compared to those at the combined load power factor.  As  a  result,  
selection  of  the  power  factor  of  DG  units equal to that of the combined load is 
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feasible for this case.  Among  the  cases,  three  DG  units  at  the  optimal  power factor  
yield  a  maximum  loss  reduction  of  89.45%,  while  one DG  at  this  power  factor  
obtains  a  minimum  loss  reduction  of only 67.85%. As the number of DG units is 
increased, the loss reduction becomes more effective.  These  results  are  obtained  with  
the  help  of  the  proposed method. 
Cases DG power 
 factors @ 
Installed DG schedule DG  
[kVA] 
Ploss 
[kW] 
Loss 
Reduction [%] 
No DG      - 211,20 0,00 
1 DG 
unit 
Combined load 
PF= 0,85 lagging 
Bus 6      
Size 3103   3103 68,20 67,71 
Optimal 
PF= 0,82 lagging 
Bus 6      
Size 3107   3107 67,90 67,85 
2 DG 
units 
Combined load 
PF= 0,85 lagging 
Bus 6 30     
Size 2118 1059  3176 44,84 78,77 
Optimal 
PF= 0,82 lagging 
Bus 6 30     
Size 2195 1098  3293 44,39 78,98 
3 DG 
units 
Combined load 
PF= 0,85 lagging 
Bus 6 30 14    
Size 1059 1059 741 2859 23,05 89,09 
Optimal 
PF= 0,82 lagging 
Bus 6 30 14    
Size 1098 1098 768 2963 22,29 89,45 
Table 6-7: DG placement at optimal and combined load power factors for 33-bus system 
 
Tables  6.8 indicates  the  minimum  and  maximum voltages  for  33-bus  test  systems.   
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DG POWER 
FACTORS @ 
CASES MIN VOLTAGE 
@ BUS 
MAX VOLTAGE 
@ BUS 
 No DG 0,9037@18 1,0000@1 
Unity 
1 DG 0,9425@18 1,0000@1 
2 DG 0,9539@33 1,0000@1 
3 DG 0,9690@18 1,0000@1 
Combined load 
PF=0,98 lagging 
1 DG 0,9575@18 1,0007@6 
2 DG 0,9619@18 1,0049@6 
3 DG 0,9824@25 1,0038@14 
Optimal 
PF=0,99 lagging 
1 DG 0,9575@18 1,0007@6 
2 DG 0,9600@18 1,0031@6 
3 DG 0,9821@25 1,0006@14 
Table 6-8: Voltages of cases for 33-bus system 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-4: Optimum sizes & locations of DG at various PF versus losses for 33-bus test system. 
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6.3.3 69-bus system 
The second system used is a 69-bus test radial distribution system with a total load of 
4,47MW and 3,06 MVAr. It has 3 feeders and the data of the system are presented in the 
table 6.9: 
LINE FROM 
BUS 
TO 
 BUS 
R 
[Ω] 
Χ 
[Ω] 
PRODUCTION 
[kW] 
PRODUCTION 
[kVAr] 
1 1 1 1,097 1,074 0,100 0,090 
2 2 2 1,463 1,432 0,060 0,040 
3 3 3 0,731 0,716 0,150 0,130 
4 4 4 0,366 0,358 0,075 0,050 
5 5 5 1,828 1,790 0,015 0,009 
6 6 6 1,097 1,074 0,018 0,014 
7 7 7 0,731 0,716 0,013 0,010 
8 8 8 0,731 0,716 0,016 0,011 
9 4 9 1,080 0,734 0,020 0,010 
10 10 10 1,620 1,101 0,016 0,009 
11 11 11 1,080 0,734 0,050 0,040 
12 12 12 1,350 0,917 0,105 0,090 
13 13 13 0,810 0,550 0,025 0,015 
14 14 14 1,944 1,321 0,040 0,025 
15 7 15 1,080 0,734 0,100 0,060 
16 68 68 1,620 1,101 0,040 0,030 
17 1 69 1,097 1,074 0,060 0,030 
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18 18 16 0,366 0,358 0,040 0,025 
19 19 17 1,463 1,432 0,015 0,009 
20 20 18 0,914 0,895 0,013 0,007 
21 21 19 0,804 0,787 0,030 0,020 
22 22 20 1,133 1,110 0,090 0,050 
23 23 21 0,475 0,465 0,050 0,030 
24 19 22 2,214 1,505 0,060 0,040 
25 25 23 1,620 1,110 0,100 0,080 
26 26 24 1,080 0,734 0,080 0,065 
27 27 25 0,540 0,367 0,100 0,060 
28 28 26 0,540 0,367 0,100 0,055 
29 29 27 1,080 0,734 0,120 0,070 
30 30 28 1,080 0,734 0,105 0,070 
31 1 29 0,366 0,358 0,080 0,050 
32 30 30 0,731 0,716 0,060 0,040 
33 31 31 0,731 0,716 0,013 0,008 
34 32 32 0,804 0,787 0,016 0,009 
35 33 33 1,170 1,145 0,050 0,030 
36 34 34 0,768 0,752 0,040 0,028 
37 35 35 0,731 0,716 0,060 0,040 
38 36 36 1,097 1,074 0,040 0,030 
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39 37 37 1,463 1,432 0,030 0,025 
40 32 38 1,080 0,734 0,150 0,100 
41 39 39 1,836 0,367 0,060 0,035 
42 40 40 1,296 0,734 0,120 0,070 
43 41 41 1,188 1,248 0,090 0,060 
44 42 42 0,540 0,881 0,018 0,010 
45 40 43 1,080 0,807 0,016 0,010 
46 44 44 0,540 0,367 0,100 0,050 
47 42 45 1,080 0,734 0,060 0,040 
48 35 46 0,540 0,367 0,090 0,070 
49 47 47 1,080 0,734 0,085 0,055 
50 48 48 1,080 0,734 0,100 0,070 
51 49 49 1,080 0,734 0,140 0,090 
52 1 50 0,366 0,358 0,060 0,040 
53 51 51 1,463 1,432 0,020 0,011 
54 52 52 1,463 1,432 0,040 0,030 
55 53 53 0,914 0,895 0,036 0,024 
56 54 54 1,097 1,074 0,030 0,020 
57 55 55 1,097 1,074 0,043 0,030 
58 52 56 0,270 0,183 0,080 0,050 
59 57 57 0,270 0,183 0,240 0,120 
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60 58 58 0,810 0,550 0,125 0,110 
61 59 59 1,296 0,881 0,025 0,010 
62 55 60 1,188 0,807 0,010 0,005 
63 61 61 1,188 0,807 0,150 0,130 
64 62 62 0,810 0,550 0,050 0,030 
65 63 63 1,620 1,101 0,030 0,020 
66 62 64 1,080 0,734 0,130 0,120 
67 65 65 0,540 0,367 0,150 0,130 
68 66 66 1,080 0,734 0,025 0,025 
TOTAL: 4,47 3,06 
Table 6.9:Data of the 69-bus & 3 feeder example system 
 
Table  6.10  presents,  the  simulation results of the optimal sizes and locations of DG 
units [Duong Quoc Hung and Nadarajah Mithulananthan, “Multiple Distributed Generator 
Placement in Primary Distribution Networks for Loss Reduction”, paper accepted for 
publication]. The results of  the  base  case  and  three  cases  with  DG  numbers  ranging 
from  one  to  three  are  compared.  The  results  include  the optimal  sizes  and  
locations  of  DG  units  with  respect  to  the total  losses.  The  loss  reduction, 
computational  time,  and  schedule  of  installed  DG  units  are also presented in the 
table. IA  demands  short  computational  time . 
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Cases Installed DG schedule DG 
[kW] 
Ploss 
[kW] 
Loss 
Reduction 
[%] 
Time 
[s] 
No DG     - 219,28 0 0,03 
1 DG  
unit 
Bus 61       
Size 1900   1900 81,33 62,91 0,28 
2 DG 
units 
Bus 61 17      
Size 1700 510  2210 70,30 67,94 0,52 
3 DG 
units 
Bus 61 17 11     
Size 1700 510 340 2550 68,38 68,82 0,71 
Table 6.10: DG placement for 69-bus system 
 
Table  6.11  shows  the  simulation results  of  the  optimal  sizes,  locations,  and  power  
factors  of DG  units  by  IA  for  this  system  [Duong Quoc Hung and Nadarajah 
Mithulananthan, “Multiple Distributed Generator Placement in Primary Distribution 
Networks for Loss Reduction”, paper accepted for publication].  The  results  of  the  base  
case and  three  cases  with  DG  units  at  the  optimal  and  combined load  power  
factors  are  compared.  The  optimal power factor of DG units is identified at 0.82 
lagging.  In  all  the  cases,  the results  of  loss  reduction  at  the  optimal  power  factor  
are slightly higher compared to those at the combined load power factor.  As  a  result,  
selection  of  the  power  factor  of  DG  units equal to that of the combined load is 
feasible for this case.  Among  the  cases,  three  DG  units  at  the  optimal  power factor  
yield  a  maximum  loss  reduction  of  97.74%,  while  one DG  at  this  power  factor  
obtains  a  minimum  loss  reduction  of only 89.68%. As the number of DG units is 
increased, the loss reduction increases.   
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Cases DG power 
 factors @ 
Installed DG schedule DG  
[kVA] 
Ploss 
[kW] 
Loss 
Reduction [%] 
No DG      - 219,28 0,00 
1 DG 
unit 
Optimal 
PF= 0,82 lagging 
Bus 61      
Size 2243   2243 22,62 89,68 
2 DG 
units 
Optimal 
PF= 0,82 lagging 
Bus 61 17     
Size 2195 659  2854 7,25 96,69 
3 DG 
units 
Optimal 
PF= 0,82 lagging 
Bus 61 17 50    
Size 2073 622 829 3524 4,95 97,74 
Table 6.11: DG placement at optimal and combined load power factors for 69-bus system 
 
Tables  6.12 indicates  the  minimum  and  maximum voltages  for  69-bus  test  systems.   
DG POWER 
FACTORS @ 
CASES MIN VOLTAGE 
@ BUS 
MAX VOLTAGE 
@ BUS 
 No DG 0,9113@65 1,0000@1 
Unity 
1 DG 0,9692@27 1,0000@1 
2 DG 0,9765@65 1,0000@1 
3 DG 0,9785@65 1,0000@1 
Optimal 
PF=0,99 lagging 
1 DG 0,9732@27 1,0000@1 
2 DG 0,9944@50 1,0024@61 
3 DG 0,9939@69 1,0000@1 
Table 6.12: Voltages of cases for 69-bus system 
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Figure 6-5: Optimum sizes & locations of DG at various PF versus losses for 69-bus test system. 
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7 CONCLUSIONS  
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This study presented the Improved Analytical method for finding optimal size and 
power factor of different types of DG units for minimizing losses in primary radial 
distribution networks, while fulfilling the main objective of energy injection. This 
method based on IA expressions for finding the size of four different types and the best 
location for DG allocation. Also, a fast approach to obtain an optimal or near optimal 
power factor is presented for placing DG units capable of delivering active and reactive 
power. 
 
Results show that locations, sizes and operating power factor of DG are crucial factors in 
reducing losses. If properly placed, appropriately sized and operated distributed 
generators can reduce losses significantly. 
 
The comparison among the different DG types showed that DG capable of delivering 
both active and reactive power leads to better loss reduction than that of DG capable of 
delivering active and reactive power. Moreover, their power factors play a role of great 
importance in loss reduction. In all the test systems used in this work, the operating 
power factor of DG units for minimizing losses found to be closer to the PF of combined 
load in the respective system. This could be a good guidance for operating DG units that 
have the capability to deliver both real and reactive power.  
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